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Recent studies have shown bone marrow (BM) cells to differ-
entiate into a variety of cell types and to thereby participate in the
reconstitution of damaged organs. In the present study, we exam-
ined the extent to which BM-derived cells are incorporated into
glomeruli during recovery from experimentally induced nephritis.
To investigate the localization of BM cells in glomeruli, chimeric
mice were prepared by transplanting BM cells from green fluores-
cent protein (GFP) transgenic mice into wild-type mice. Five weeks
later, glomerulonephritis was induced by intravenous injection of
Habu snake venom. Groups of mice were then killed every few days
for 42 d, and harvested kidney samples were subjected to immuno-
histochemical and immunoelectron microscopic analyses with the
aim of detecting the presence of GFP(�) cells within glomeruli.
Chimeric animals injected with Habu venom developed prolifera-
tive glomerulonephritis within 1–3 d. The lesion gradually subsided
and the glomerular structure returned to normal within 42 d. Con-
sistent with the disease course, large numbers of GFP(�) cells were

present within glomeruli on d 1–3, but most had disappeared by d 7.
Nevertheless, some GFP(�) cells did remain within glomeruli
showing mesangial proliferative changes, and were found to express
thrombomodulin (TM), a specific endothelial cell marker. These
GFP-TM–double-positive cells accounted for a mean of 1.31–
2.24% of the total glomerular nuclei from d 7 through d 42, levels
that remained stable for at least 12 mo. It thus appears that BM cells
can give rise to endothelial cells that participate in the remodeling of
glomeruli. (Pediatr Res 58: 323–328, 2005)

Abbreviations
BM bone marrow
E-GFP, enhanced green fluorescent protein
GFP, green fluorescent protein
HSV, Habu snake venom
TM, thrombomodulin

The kidney’s substantial residual functional capacity is al-
most entirely due to the approximately one million glomeruli
present in each kidney at birth. Postnatal neogenesis of
nephron units has never been demonstrated, and renal regen-
erative ability is believed to be poor. Nevertheless, glomerular
reconstruction has been observed in animal models of experi-
mental nephritis, as well as in human glomerulonephritis
brought on by steroid therapy (1). Thus, although glomeruli are
unable to reproduce lost nephron units, the kidney apparently
possesses some regenerative capacity at the cellular level. The
mechanism remains unknown, however.
In recent studies, investigators were able to induce differen-

tiation of adult stem or progenitor cells (2) into osteocytes,
chondrocytes (3), cardiac myocytes (4), vascular endothelial
cells (5,6), hepatic oval cells (7) and glial cells (8–11), but
little was discovered about kidney regeneration. Although the
relationship between BM stem cells and glomerular mesangial

cell regeneration has been examined (12,13), the differentiation
of progenitor cells into glomerular endothelial cells, which are
assumed to be necessary for vascular reconstruction, has not
yet been systematically analyzed during regeneration of
glomeruli.
The successful isolation of vascular endothelial progenitor

cells (5) has made neovascularization using adult stem cells
clinically possible (14,15). Although differentiation of glomer-
ular endothelial cells from adult stem cells has not yet been
achieved, in earlier studies of the role of endothelial cells in the
healing process after induction of experimental nephritis, we
showed that endothelial cells were indeed regenerated (16,17).
Since then, we have been interested in whether BM-derived
cells participate in the regeneration of glomerular endothelial
cells. In that regard, Hayakawa et al. (18) produced a BM
chimeric mouse by transplanting BM cells from GFP trans-
genic mice into normal C57Black6 mice. They used the result-
ant chimeric animals to investigate regeneration of the small
intestine, demonstrating them to be a useful model with which
to examine the fate of BM stem cells. More recently, we used
these GFP chimeric mice to show that BM-derived cells dif-
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ferentiate into cardiac cells (19). In the present study, we used
the same model to examine the extent to which BM-derived
cells participate in the healing process that follows experimen-
tal induction of mesangial proliferative glomerulonephritis,
and to assess the ability of BM cells to differentiate into
glomerular endothelial cells.

MATERIALS AND METHODS

Animals. All procedures were performed in accordance with the Nippon
Medical School Animal Ethics Committee’s regulation and recommendations
(Approval number 12–82). The BM transplant recipients were 8-wk-old, male
C57BL6/Nj mice purchased from Saitama Experimental Animal Supply
(Saitama, Japan). The BM cell donors were E-GFP transgenic mice, originally
obtained from Osaka University, Japan (Dr. Okabe) (20). They were also made
by C57BL6/Nj mice. All were maintained in a pathogen-free environment at
the Institute of Experimental Animals, Nippon Medical School, Japan.

Bone marrow transplantation. BM transplantation was performed as de-
scribed previously (18,19). The recipient mice were then killed 1, 2, 3, 4, or 5
wk later, and the time course of BM reconstruction was examined using flow
cytometry.

Flow cytometric analysis. Five weeks after BM transplantation, reconsti-
tuted BM and PB cell surface markers were analyzed by flow cytometry (BD
Biosciences, San Jose, CA). BM and PB cells were suspended in PBS and
labeled with PE-conjugated MAbs (BD PharMingen, San Diego, CA) against
Mac-1 (M1/70), Gr1 (RB6–8C5), CD45R/B220 (RA3–6B2), Thy-1.2(30-
H12), or NK-1.1(PK136), which recognize granulocytes, mature B lympho-
cytes, T lymphocytes, and natural killer (NK) cells, respectively. BM and PB
cells were incubated with each MAb for 30 min on ice and then washed with
PBS. Thereafter, the percentages of GFP-positive cells and cells positive for
both GFP and PE were analyzed.

Glomerular injury induced by Habu snake venom. Five weeks after BM
transplantation, nephritis was induced in the recipient mice by injecting 2.8
mg/kg body weight of lyophilized venom from the Habu pit viper Trimeresu-
rus flavoviridis (HSV; Wako Pure Chemical industries, Osaka, Japan) dis-
solved in saline via the tail vein. Control mice received saline injections.
Groups (n � 5) of nephritis-induced and control mice were then killed on d 1,
3, 5, 7, 14, 21, 28, 42, and 365 after injection of HSV or saline.

Morphologic examination. Mice were killed under ether anesthesia, after
which they were perfused with 0.01 M PBS (pH 7.4) via the cardiac left
ventricle, and the kidneys were removed. Some of the kidneys were fixed for
24 h in 4% paraformaldehyde in PBS, embedded in Tissue-Tek O.C.T.
Compound (Sakura Finetek, Torrance, CA), frozen in chilled acetone, and
stored at �80°C for later immunofluorescent staining. The rest were fixed in
20% formalin, embedded in paraffin, cut into 3-�m sections, and stained with
hematoxylin and eosin, periodic acid–Schiff or Masson-trichrome.

Immunohistochemistry. The frozen O.C.T.-embedded tissue blocks were
cut into 8-�m sections using a cryostat and mounted on Superfrost Plus glass
slides (Matsunami Glass, Japan). Some of the sections were observed directly,
without immunohistochemical staining. The rest were labeled with polyclonal
rabbit anti-rat thrombomodulin (TM) antibody (kindly provided by Dr. D.
Stern) diluted 1:2000, which reacts specifically with endothelial cells (21);
with a monoclonal rat anti-mouse CD45 antibody diluted 1:400 (BD PharM-
ingen), which reacts with leukocyte common antigen (also known as Ly-5);
and with a monoclonal rat anti-mouse F4/80 antigen antibody diluted 1:200
(Cosmo Bio Co., Tokyo, Japan), which reacts with blood monocytes and
macrophages derived from BM cells (22). The sections were first incubated
with blocking serum (10% normal goat serum) and then with primary antibody
for 1 h at room temperature, followed by either Texas Red-conjugated goat
anti-rabbit or anti-rat IgG (Molecular Probes, Eugene, OR) for 1 h at room
temperature. The labeled sections were mounted with Vectorshield H-1200
(mounting medium with DAPI; Vector Laboratories, Burlingame, CA) and
examined using a confocal laser microscope (CLSM, TCS-SP; Leica Laser-
technik, Heidelberg, Germany). For each kidney sample, 20 glomeruli were
sequentially examined, and the numbers of cells were counted. Glomerular
cross-sections containing only a minor portion of the glomerular tuft (�20
discrete capillary segments/cross-section) were not included in the analysis.
Cellularity was expressed as the total number of nuclei per glomerular cross-
section in tissue sections stained with DAPI. Numbers of GFP-TM-double
positive cells per glomerulus were also counted.

Paraffin sections were stained using the indirect immunoperoxidase tech-
nique (23). The primary antibody was polyclonal rabbit anti-GFP (Molecular
Probe) diluted 1:200; the secondary antibody was biotin-labeled goat anti-
rabbit IgG (DAKO, Glostrup, Denmark) diluted 1:500. Although GFP loses its

fluorescence upon deparaffinization, it retains antigenicity, enabling its detailed
localization. In similar fashion, we used indirect immunoperoxidase staining
with anti-TM antibody to evaluate BM cell differentiation into endothelial
cells. As a negative control, primary antibody was replaced with PBS in some
samples.

Immunoelectron microscopy. Kidney tissue obtained 42 d after HSV
injection was fixed for 24 h in 20% formalin, embedded in Tissue-Tek O.C.T.
compound, frozen in chilled acetone, cut into 6-�m sections, and incubated
first with anti-GFP antibody overnight at 4°C, and then with horseradish
peroxidase-conjugated goat-rabbit IgG F(ab') 2 (BioSource International,
Camarillo, CA) for 2 h at room temperature. The sections were then fixed for
an additional 5 min in 1% glutaraldehyde, reacted with DAB and H2O2,
postfixed in 2% osmium tetroxide for 60 min, dehydrated in a graded ethanol
series, and embedded in Epon 812 resin. Ultrathin sections were observed
using a transmission electron microscope (model H 7100; Hitachi Ltd., Tokyo,
Japan) at 75 kV with either no counterstaining or slight counterstaining with
lead citrate.

Urinary protein. Urine spontaneously voided by each animal was collected
for 24 h in a metabolic cage on the day before sacrifice. Proteinuria was then
measured as the ratio of albumin (mg/dL) to creatinine (mg/dL) in the collected
samples. Urinary albumin was measured with a Behring nephrometer (Dade
Behring, Marburg, Germany) using anti-mouse albumin antibody (Valeant
Pharmaceuticals, Costa Mesa, CA); creatinine was measured with a Hitachi
7170 autoanalyzer (SRL, Tokyo, Japan).

Statistical analysis. All data are presented as group means � SEM. Means
were compared using t tests. Values of p � 0.05 were considered significant.

RESULTS

Proteinuria. There was no significant difference in urinary
albumin (normalized to creatinine levels) between control BM-
transplanted and wild-type C57BL6 mice [0.048 � 0.004 (n �
5; 5 wk after BMT) versus 0.043 � 0.002 (n � 5; 13-wk-old
mice) (p � 0.01)]. By contrast, urinary protein levels were
significantly higher in HSV-injected mice than in control mice
during the acute phase of HSV-induced glomerulonephritis (d
1–3 after injection) (Fig. 1). No difference in the levels of

Figure 1. Urinary protein excretion in HSV-induced nephritis. Levels of
urinary albumin (normalized to the levels of creatinine) in HSV-treated mice
were significantly higher than control from d 3 to d 14. Data are expressed as
means � SEM; *p � 0.01. (Closed and open circles represent the numbers in
experimental and control mice.)
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urinary protein was detected after 21 d, however, suggesting
that although HSV induced glomerulonephritis, there was full
recovery of renal function.
Evaluation of BM cells after transplantation. After BM

transplantation, mice were killed weekly for 5 wk, and GFP expres-
sion in BMand PB cells was evaluated by flow cytometry.We found
that within 1 wk after BM transplantation, donor-derived GFP(�)
cells accounted for 95.70% of BM cells; within 5 wk, 99.50% of PB
cells had been replaced with donor-derived GFP(�) cells. These
mice were therefore deemed to be a successful chimeric model, as
described previously (18,19).
In addition, many GFP-positive PB cells (96.2% 1mo after BMT)

differentiated into Mac-1/Gr1 (23.4 � 0.9%), CD45R/B220 (36.4 �
1.2%), Thy-1,2 (53.6 � 2.1%), and NK-1.1(4.7 � 0.1%) lineages,
and the proportion of each lineage in recipient PB was similar to that
seen before BM transplantation.
Morphologic assessment of HSV-induced glomerular lesions.

The pathologic glomerular alterations observed after injection of
HSV were in general agreement with previously published reports
(24–26), so after preliminary experimentation to determine the ap-
propriate dosage, we used the effects of 2.8 mg/kg of HSV as our
glomerulonephritis model in subsequent experiments.
The structural changes that occurred during the healing process

after induction of glomerulonephritis are shown in Figure 2. After
HSV administration, 30% of the glomeruli exhibited capillary
dilatation and mesangiolytic ballooning during the acute phase (d
1–3). By d 7, mesangial proliferative changes, which were ac-
companied by mesangial expansion, were observed. These pro-
liferative changes were diminished by d 28, however. And by d
42, no sclerosis or adhesion was present in any of the glomeruli,
and Masson-trichrome staining revealed no interstitial fibrosis
(Fig. 2f). Glomeruli from control animals showed no noteworthy
histologic changes during the experimental period.
The same nephritis course was seen in the frozen sections, in

which numerous GFP(�) cells were observed within glomeruli
exhibiting mesangiolytic ballooning during the acute phase
(Fig. 3, a and d). The GFP(�) cells were comprised of platelets
and inflammatory cells, which were stained by anti-CD45 or
anti-F4/80 antibody. By d 7, when healing of the loop structure
of the glomeruli was evident, the numbers of GFP(�) cells
within the glomeruli had declined (Fig. 3, b and e), whereas the
numbers had increased in the interstitium surrounding the
glomerular lesion. Numbers of interstitial GFP(�) cells con-
tinued to increase until d 14, after which they gradually
declined until d 42 (Fig. 3, c and f).

Regeneration of endothelial cells during this time course was
examined by immunohistochemical labeling of TM (Fig. 4).
During the acute phase, GFP-TM–double-positive cells were
rarely detected within the glomeruli. By d 7, however, the num-
bers of GFP-TM–double-positive cells—measured as the ratio to
the total number of nuclei within glomeruli—were significantly
higher than in control mice (Fig. 5). Still, the proportion of
double-positive cells was very low, accounting for only 2.24% of
the nuclei present. Moreover, 12 mo after HSV injection, GFP-
TM–double-positive cells accounted for 2.11 � 0.13% of nuclei,
which was not significantly different from the level seen at 42 d.
And almost all GFP(�)TM(�) cells in glomerulus were posi-
tively stained by both anti-CD45 and anti-F4/80 antigen (Fig. 6).

Similarly, some GFP(�) cells in the interstitium were also stained
by anti-CD45 and anti-F4/80 antigen, though many cells were not
stained by one antibody or the other.
Immunohistochemical analysis of paraffin sections. To

investigate the localization of GFP in greater detail, paraffin
sections were stained with anti-GFP antibody. Seven days after
induction of nephritis, GFP(�) cells were evident in the area of
the endothelial cells. By d 42, the GFP(�) cells were limited to
the area of the endothelial cells and were no longer detected in
the epithelial or mesangial areas (Fig. 7).
Immunoelectron microscopy. The finding that after the

HSV-induced nephritis had healed (d 42) GFP was present
mainly in glomerular endothelial cells was confirmed by im-

Figure 2. The course of nephritis after HSV administration. (a) D 1: Mice
were oliguric, with 30% of glomeruli exhibiting capillary dilatation and
ballooning, resulting in microaneurysms filled with platelet aggregates, leuko-
cytes, erythrocytes, and plasma proteins. (b) D 3: The microaneurysms devel-
oped into proliferative lesions. The mice exhibited diuresis, and proteinuria
developed in renal tubules. (c) D 7: Levels of infiltrating inflammatory cells
were lower in the glomerular lesion, revealing mesangial proliferative changes.
(d) D 28: Proliferative changes were diminished; expansion of the mesangial
matrix was detectable. (e) D 42: Normal glomerular structure was restored. (f)
D 42: Masson-trichrome staining revealed no interstitial fibrosis. (a–
e):periodic acid-Schiff stain; bar � 200 �m (a–e); bar � 200 �m (f).
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munoelectron microscopy using an anti-GFP antibody (Fig. 8).
Not all endothelial cells were GFP(�), however, and GFP(�)
blood cells shed into the lumen were also detected within the
glomerulus shown. Outside the glomerulus, GFP(�) cells were
observed among the endothelial cells of the blood vessel and
migratory mononuclear cells (data not shown).

DISCUSSION

We have shown that BM-derived cells differentiate into glo-
merular endothelial cells during the glomerular healing process
after the induction of mouse Habu-venom nephritis. Kitamura et
al. (16) previously investigated the regeneration of endothelial
cells in a rat model of Habu-venom glomerulonephritis and found
that the number of endothelial cells in the glomeruli peaked on d
7, as the numbers of infiltrating inflammatory cells in the mesan-
giolytic ballooning lesion declined revealing mesangial prolifera-
tive changes. TM(�) endothelial cells accounted for 25% of the
total glomerular nuclei. In the present study, we found that in our
murine model the number of cells positive for both GFP and TM
within glomeruli also peaked on d 7, but that the frequency of
these cells was very low, indicating that regeneration of endothe-
lial cells cannot be accounted for by BM-derived cells alone. We
suggest, therefore, that the regenerated cells were derived primar-
ily from intrinsic glomerular cell components, with BM-derived
cells playing a role in endothelial regeneration. This suggestion is
supported by the observed long-term survival of BM-derived
endothelial cells.
The role of BM cells in glomerular regeneration has also been

investigated by Ito et al. (13) using a chimeric rat model. That study
showed that, after Thy-1 nephritis, BM-derived cells participate in
glomerular regeneration by differentiating intomesangial cells. About
the same time. Cornacchia et al. (27) produced a BM-transplanted
mouse chimera fromwhich they harvested glomerular cells that were
subsequently separated by microdissection and placed in culture.
Among the cultured cells, they identified both mesangial and endo-

Figure 3. The course of nephritis observed by confocal laser microscope. (a,
d) D: Numerous GFP(�) cells were detected within glomeruli (arrowheads);
by contrast, numbers in the interstitium were not elevated. (b, e) D: Numbers
of GFP(�) cells within glomeruli (arrowheads) were diminished, though some
were detected in glomeruli along the restored loop structure. Numerous
GFP(�) cells were now detected in the interstitium surrounding the restored
glomeruli. (c, f) D 42: Numbers of both glomerular (arrowheads) and inter-
stitial GFP(�) cells were reduced. Bar � 50 �m (a–c); bar � 100 �m (d–f).

Figure 4. Confocal laser microscopic analysis of frozen sections stained with
Texas Red-conjugated thrombomodulin. (a) D 7 double exposure. (b–d) D 7
zoom of glomeruli: (b) GFP, (c) Texas Red, (d) double exposure (arrow: GFP
and TM double exposure). Bar � 50 �m (a); bar � 15 �m (b–d).

Figure 5. Numbers of (a) total cells in the glomerulus (DAPI positive) and (b)
GFP-TM–double-positive cells per total cells in the glomerulus. Closed and
open circles represent the number in experimental (n � 5) and control mice
(n � 5) at the indicated times. Values are expressed as means � SEM; *p �
0.01, **p � 0.05 vs. control. Data were derived from the analysis of 20
glomerular cross-sections.

Figure 6. Confocal laser microscopic analysis of frozen sections stained with
Texas Red-conjugated CD45 and F4/80. The section was stained by anti-CD45
and anti-F4/80 antigen at the same time. Almost all the glomerular GFP(�)
cells were stained double positive for CD45 and F4/80 in day 28 after the
nephritis. (a) GFP, (b) Texas Red, (c) double exposure. Bar � 50 �m.

Figure 7. Immunohistochemical analysis of a paraffin section stained with
anti-GFP antibody. We detected GFP(�) cells in the area of endothelial cells
42 d after HSV administration.
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thelial cells derived from the transplanted BM cells. Similarly, Rook-
maaker et al. (28) showed that BM cells regenerate both glomerular
mesangial and endothelial cells in a rat nephritis model. It is note-
worthy, moreover, that they detected the regeneration in rat tissue
sections. In the present study, we also detected differentiation of BM
cells into glomerular endothelial cells in tissue sections; however, our
results differ from those of Rookmaaker and colleagues in several
important ways. First, we used amousemodel instead of a rat model.
Second, we succeeded in quantifying BM-derived endothelial cells
by evaluating the relation between BM cells and glomerular endo-
thelial cells. We suggest that the number of regenerated cells in each
glomerulus varies with the magnitude of the lesion and the locus of
the glomerulus selected (i.e. surface of the cortex or around the
medulla). We therefore considered the number of GFP-TM-double
positive cells with respect to the total number of DAPI-stained nuclei
per glomerular cross-section. Furthermore, in our experiment, regen-
eration of glomerular endothelial cells using BM-derived cells was
also detected in control mice without nephritis. For that reason, we
also compared regeneration of endothelial cells in mice with and
without nephritis. Our findings show that over the time course of the
experiment the number of regenerated endothelial cells was signifi-
cantly higher among mice with nephritis than among healthy control
mice. Third, our GFP-transplanted mouse model has an advantage
over other models in that both the recipient and the donor of the
transplant are of the same strain, which means that we did not have
to consider the immunologic response to heterologous antigen.More-
over, we were able to observe the behavior of BM-derived cells
without immunologic marking. Finally, we used immunoelectron
microscopy with an anti-GFP antibody, which enable us to investi-

gate the BM-derived cells in more detail than Rookmaaker et al. (28)
were able to.
We think that whether or not endothelial cells are able to

proliferate is the most important consideration in glomerulo-
nephritis because that is a key determinant of the progression
of glomerular sclerosis. In that regard, the groups of Kitamura
(16) and Iruela-Arispe (29) reported that glomeruli are capable
of healing after injury when endothelial cells show prolifera-
tive responses. In the same vein, Shimizu et al. (17) reported
that incomplete capillary repair leads to sclerotic scar lesions in
damaged glomeruli. We therefore focused mainly on endothe-
lial regeneration and were able to unequivocally demonstrate
differentiation of BM-derived glomerular endothelial cells us-
ing both quantitative and electron microscopic analyses.
It was recently reported that, in vitro, BM cells can adopt the

phenotype of other cells through spontaneous cell fusion (30).
Our experiments do not exclude the possibility that GFP(�)
endothelial cells may have arisen via fusion of recipient endo-
thelial cells and GFP(�) donor BM cells. On the other hand,
we would expect the frequency of in vivo cell fusion to be very
low, if there is any at all, and transdifferentiation of BM cells
into endothelial cells is well documented in other experimental
systems (28). Still, further genetic analysis to determine the
origin of each GFP(�) cell would seem appropriate.
Another potential concern is that the act of BM transplantation

itself causes renal damage. In the present study, however, trans-
planted mice exhibited no histologic changes detectable under
light microscopy, and proteinuria was not increased. In addition,
Gobe et al. (31) showed that many neonatal rat kidney cells
become apoptotic during the first day after irradiation. We there-
fore investigated cell apoptosis of irradiated mouse kidney using
2-d old neonatal (6 Gy) and 8-wk-old adult (10 Gy) C57BL6
mice. We found large numbers of apoptotic cells in neonatal
mouse kidneys 5 h after radiation, but we rarely detected apoptotic
cells in adult mice kidneys at any time up to 24 h after irradiation
(unpublished data). For this reason, we do not believe our model
was influenced by 10 Gy radiation.
The future application of these findings may include clari-

fying the genetics behind the migration of BM cells and their
differentiation into endothelial cells. In addition, because these
cells remain in the glomerulus once they have differentiated, it
may be possible to use BM cells transfected with genes nec-
essary for the treatment of the glomerulus as a gene delivery
system. And, ultimately, a full understanding of how differen-
tiation of BM derived cells is regulated in the kidney may mean
regeneration of the organ will eventually be possible.
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Figure 8. Immunoelectron micrograph shows the distribution of GFP on d 42 after
HSV injection. Note the presence of GFP(�) cell in the endothelial cell area.
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