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Abstract.

 

Objective

 

: Various studies have shown that bone marrow stem cells can rescue
mice from acute renal tubular damage under a conditioning advantage (irradiation or
cisplatin treatment) favouring donor cell engraftment and regeneration; however, it is
not known whether bone marrow cells (BMCs) can contribute to repair of acute
tubular damage in the absence of a selection pressure for the donor cells. The aim of
this study was to examine this possibility.

 

 Materials and methods

 

: Ten-week-old
female mice were assigned into control non-irradiated animals having only vehicle
treatment, HgCl

 

2

 

-treated non-irradiated mice, HgCl

 

2

 

-treated non-irradiated mice
infused with male BMCs 1 day after HgCl

 

2

 

, and vehicle-treated mice with male
BMCs. Tritiated thymidine was given 1 h before animal killing. 

 

Results

 

: Donor BMCs
could not alleviate non-irradiated mice from acute tubular damage caused by
HgCl

 

2

 

, deduced by no reduction in serum urea nitrogen combined with negligible cell
engraftment. However, donor BMCs could home to the bone marrow and spleen and
display proliferative activity. This is the first report to show that despite no preparative
myeloablation of recipients, engrafted donor BMCs can synthesize DNA in the bone
marrow and spleen.

 

 Conclusions

 

: Exogenous BMCs do not rescue non-irradiated mice
from acute renal tubular damage caused by HgCl

 

2

 

, despite establishment of chimerism
and cell proliferation in bone marrow and spleen.

INTRODUCTION

 

Studies of gender-mismatch bone marrow transplant (BMT) and organ allografts have demonstrated
that adult bone marrow cells (BMCs) can transdifferentiate into a variety of non-haematological
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tissues in rodents and humans. These include skeletal muscle, endothelial cells, cardiomyocytes,
neuronal cells and astrocytes, hepatocytes, epidermal cells, pneumocytes, renal tubular epithelium
and podocytes, and gut epithelium (reviewed by Poulsom 

 

et al

 

. 2002; Herzog 

 

et al

 

. 2003; Alison

 

et al

 

. 2004; Fang 

 

et al

 

. 2004). Furthermore, stem cell-based therapy strategy is becoming a realistic
option to replace or rebuild damaged organs and tissues. Recently, such strategies have been
successfully applied using a variety of cell types, for example, mesenchymal stem cells (MSCs),
BMCs, or human umbilical cord blood cells, to rescue animals and humans from organ injury
(Azizi 

 

et al

 

. 1998; Horwitz 

 

et al

 

. 1999, 2001; Orlic 

 

et al

 

. 2001a; Strauer 

 

et al

 

. 2002; Terai 

 

et al

 

. 2003;
Ende 

 

et al

 

. 2004; Vendrame 

 

et al

 

. 2004) and reviewed in Fang & Poulsom (2003), including
acute tubular damage (Kale 

 

et al

 

. 2003; Lin 

 

et al

 

. 2003; Morigi 

 

et al

 

. 2004).
Acute renal failure (ARF), defined as rapid loss of the ability of the kidneys to excrete waste,

concentrate urine and maintain fluid and electrolyte homeostasis, is a common disease and
accounts for 2–15% of hospitalized patients, reviewed by Thadhani 

 

et al

 

. (1996). Despite major
advances in pharmacological therapy, intensive care and renal replacement therapy, the overall
mortality rate of patients with ARF is still high, about 50–80% in a recent series, reviewed in
Thadhani 

 

et al

 

. (1996) and Schrier 

 

et al

 

. (2004), and has changed little over the past 30 years.
We have already demonstrated that endogenous BMCs can contribute to tubular regeneration
after acute injury (Poulsom 

 

et al

 

. 2001; Fang 

 

et al

 

. 2005); moreover, several studies have
demonstrated the potential of stem cell therapy for ARF (Kale 

 

et al

 

. 2003; Lin 

 

et al

 

. 2003, 2005;
Morigi 

 

et al

 

. 2004; Duffield 

 

et al

 

. 2005). For example, if sublethally irradiated mice are
subjected to ischaemia/reperfusion injury and injected with hematopoietic stem cells (HSCs)
(2 

 

×

 

 10

 

3

 

 or 5 

 

×

 

 10

 

3

 

 cells), then the HSCs can contribute to functional regeneration of damaged
renal proximal tubules (Kale 

 

et al

 

. 2003; Lin 

 

et al

 

. 2003), although mortality rate was high
due to the irradiation (three out of seven mice died) (Kale 

 

et al

 

. 2003). Lethal irradiation
shortly before renal tubular damage can damage stem and progenitor cells not only within
the bone marrow, but also within the renal parenchyma (Kale 

 

et al

 

. 2003). Morigi 

 

et al

 

. (2004)
reported that sorted MSCs, but not sorted HSCs, could rescue nonirradiated mice from acute
renal tubular damage caused by cisplatin; however, cisplatin can inhibit DNA synthesis in cells
of renal tubules (Landrito 

 

et al

 

. 1994), and can decrease numbers of stem cells in bone marrow
and spleen (Dumenil 

 

et al

 

. 1982). These three studies had in common a conditioning
environment (irradiation or cisplatin) that inhibits the regenerative ability of the recipient’s
kidney tubular cells and BMCs, presumably promoting donor cells to contribute to renal
repair.

The aim of this study was to test if such preconditioning was a prerequisite for subsequent
kidney cell engraftment, so we administered whole BMCs to recipients suffering ARF without
any prior treatment. Here, we show that donor BMCs do not ameliorate acute tubular damage in
non-irradiated mice caused by HgCl

 

2

 

, although chimerism was established in the bone marrow
and spleen.

 

MATERIALS AND METHODS

 

Experimental animals and protocols

 

Procedures for the animal experiments were carried out under British Home Office procedural
and ethical guidelines. Ten-week-old female recipient mice (FVB/N) were randomly divided into
four groups and were treated as follows (

 

n

 

 = 20 in each group): group 

 

CON

 

, non-irradiated mice
received vehicle, 0.2 mL phosphate-buffered saline (PBS); group 

 

mBM

 

, mice treated as group
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CON

 

 and given male BMCs (2 

 

× 

 

10

 

7

 

 cells) by tail vein injection 1 day after vehicle; group

 

HgCl

 

2

 

, non-irradiated mice received an intraperitoneal injection of HgCl

 

2

 

 (4 mg/kg body
weight); group 

 

HgCl

 

2

 

 + mBM

 

: non-irradiated mice were treated with HgCl

 

2

 

 (4 mg/kg body
weight) and were infused with male donor BMCs (2 

 

×

 

 10

 

7

 

 cells) by tail vein injection 1 day after
HgCl

 

2

 

. The day of HgCl

 

2

 

 administration was designated as day 0. Mice were killed either before
HgCl

 

2

 

 administration (day 0), or days 3, 7, 28 after HgCl

 

2

 

, with five mice killed by overdose of
pentobarbitone (Sagatal, Rhône Mérieux, UK; 200 mg/kg, intraperitoneally), at each time point.
Tritiated thymidine (TRK120, Amersham Biosciences, Munich, Germany) at a dose of 1 

 

μ

 

Ci/g
body weight (intraperitoneally) was injected 1 h before the mice were killed. Terminal blood
samples (0.7 mL) were taken by cardiac puncture into an EDTA-tube. Kidney, spleen and femurs
and tibias were harvested and fixed in neutral buffered formalin before being embedded in
paraffin wax for later histological examination. For bone specimens, decalcification of femurs
and tibias 

 

via

 

 a combination of 8% formic acid (cat. no. 10115; BDH Laboratory Supplies,
Poole, UK) and 8% formic formate (cat. no. 29445-4; Sigma-Aldrich, Dorset, UK) for 10–
12 days was performed before being embedded in paraffin wax.

 

Bone marrow cell preparation

 

Mice were killed humanely by CO

 

2

 

 inhalation. BMCs were collected from the femurs and tibias
of male FVB/N mice by flushing three times with sterile ice-chilled PBS (PBS tablet: cat. no.
P4417; Sigma, Surrey, UK) 

 

via

 

 a 23-gauge needle attached to a 1-mL syringe, and then were
suspended in sterile ice-chilled PBS. The cell suspension was centrifuged at 500 

 

g

 

 for 5 min, and
the supernatant was discarded. The cell pellet was re-suspended in sterile PBS and after sieving
through 70-

 

μ

 

m meshes (cat. no. 352350; BD Falcon, San Jose, CA, USA), and BMCs were
re-suspended in sterile PBS at a concentration of 1 

 

×

 

 10

 

8

 

 cells/mL (counted using the haemocy-
tometer chamber method

 

)

 

 and kept on ice until use.

 

Serum urea nitrogen measurements
Blood samples were centrifuged at 5000 g for 10 min at 4 °C and the supernatant was stored at
–70 °C for later determination of serum urea nitrogen (SUN) using a commercial kit (cat. no.
0542946, R-Biopharm GmbH, Darmstadt, Germany) following manufacturer’s instructions. The
level of SUN was expressed in milligrams per 100 mL.

Histology and semiquantification of morphometric analysis
For histological examination of renal tissue, 4 μm sections were stained with periodic
acid–Schiff. Tubular injury was assessed at ×400 overall magnification using 20 consecutive and
non-overlapping fields (adjacent to the corticomedullary junction) of periodic acid–Schiff-
stained specimens. Tubular damage, defined as tubular epithelial swelling, loss of brush border,
vacuolar degeneration, necrotic tubules, and desquamation, was scored semiquantitatively.
Tubular injury was categorized into one of five scores using the following criteria: 0, normal;
1, 2, 3 and 4 based on the report by Nangaku et al. (1998). The mean tubular injury score (TIS) for
each mouse represented average score of the 20 fields immediately adjacent to the corticomedullary
junction.

Treatment of tissue sections
Four micron thick sections were dewaxed and were incubated with 3% hydrogen peroxide in
methanol, then were rehydrated through a descending series of ethanol in water (100%, 95%
and 70%). Sections were then incubated for 5 min in 20% acetic acid in methanol, to block
endogenous alkaline phosphatase.
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Immunohistochemistry
For detection of megalin expression in proximal renal tubular cells, slides were pre-incubated
in normal swine serum (X0901; DAKO, Glostrup, Denmark) at 1/25 dilution for 10 min. Rabbit
antimouse megalin (a kind gift from Dr. Dan Biemesderfer, Yale University School of Medicine,
New Haven, CT, USA) was applied to sections at a dilution of 1/500 for 45 min at room temperature.
The secondary layer was biotinylated swine antirabbit antibody (E0353; DAKO), diluted to 1/500,
for 35 min at room temperature. The third layer was streptavidin-alkaline phosphatase (D0396;
DAKO) at 1/50 dilution for 30 min at room temperature. Following washes in PBS, Vector Red
Substrate (SK5100; Vector Laboratories, Burlingame, CA, USA) was applied for 8–10 min at
room temperature and sections were again washed in PBS prior to the in situ hybridization protocol.

In situ hybridization
Sections were incubated in 1 m sodium thiocyanate (S7757; Sigma) for 10 min at 80 °C to
improve access of the probe to DNA, washed in PBS, and then digested in 0.4% w/v pepsin
(P6887; Sigma) in 0.1 m HCl for 10 min at 37 °C to further improve access. Protease was
quenched in 0.2% glycine (G4392; Sigma) in double concentration PBS and sections were then
rinsed in PBS, post-fixed in 4% paraformaldehyde (P6148; Sigma) in PBS, dehydrated through
graded ethanols, and air dried. FITC-labelled Y chromosome paint (1189-YMF-01; Cambio,
Cambridge, UK) was used in the supplier’s hybridization mix. Probe mixture was added to the
sections, sealed under glass with rubber cement, heated to 60 °C for 10 min, and then incubated
overnight at 37 °C. The following day, all slides were washed in 50% formamide (284226P;
BDH Laboratory Supplies)/2× standard saline citrate (SSC) at 37 °C, then washed with 2× SSC,
and incubated in 4× SSC/0.05% Tween-20 for 10 min at 37 °C. Slides were then treated by one
of the two following methods depending on whether direct fluorescence in situ hybridization
(FISH) or indirect FISH was to be performed.

For direct FISH, slides were washed and then coverslipped with Vectashield Hard Set mounting
medium with 4′,6-diamidine-2-phenylindole dihydrochloride (DAPI) (H-1500; Vector Laboratories)
for subsequent observation and analysis by fluorescence microscopy using a Zeiss Axioplan 2
fluorescence microscope (Carl Zeiss UK Ltd., Hertfordshire, UK) equipped with a triple band-
pass filter. Images were collected with a cooled charge-coupled device camera (Quantix Corp.,
Cambridge, MA, USA) and further analysed using SmartCapture 2 software (DigitalScientific
Ltd., Cambridge, UK).

For indirect FISH, slides were washed with PBS and incubated with 1/250 dilution peroxidase-
conjugated antifluorescein antibody (1426346; Boehringer Mannheim, Mannheim, Germany)
for 60 min at room temperature, before being developed in 3,3′-diaminobenzidine (D5637; Sigma)
plus 0.3% hydrogen peroxide, washed with PBS and subjected to periodic acid–Schiff staining.

Autoradiography for tritiated thymidine
To evaluate DNA synthesis, slides were dehydrated through graded ethanols and air dried before
dipping in ILFORD nuclear track emulsion (L4; ILFORD, Basildon, UK) (diluted 3 : 5 with Q
water) at 45 °C in a dark room using a safe light (902 filter). When dry, slides were stored in
the dark at 4 °C. After a standard exposure of 1 week, slides were developed for 4 min at 20 °C
in Kodak D19 (cat. no. 1464593; Eastman Kodak Company, Rochester, NY, USA) and were
stopped with 1% acetic acid (10001 CU; BDH Laboratory Supplies) for 30 s, washed in tap
water for 30 s, and fixed in 30% w/v sodium thiosulphate (S-8503; Sigma) for 8 min. They
were then rinsed in gently running cold tap water for 60 min to ensure that all traces of sodium
thiosulphate were removed. Finally, sections were counterstained lightly with haematoxylin,
dehydrated, cleared and mounted in DePeX (36125-2B; BDH Laboratory Supplies).
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Determination of the tritiated thymidine-labelling index (3H-LI)
One thousand consecutively observed megalin-stained tubular cells of kidney sections, and one
thousand consecutively observed bone marrow and spleen cells from the sections were scored per
mouse using light- and dark-field microscopy (Nikon Eclipse ME600; Nikon Corporation, Kawasaki,
Japan). Each nucleus that was Y chromosome-positive and had more than five overlying
autoradiographic silver grains was considered to be a cell of donor BMC origin in DNA synthesis.

Statistical analysis
SUN, TIS and 3H-LI (%) were analysed by two-way analysis of variance (anova) for repeated
measures (the first factor being treatment group and the second, time period) for comparison
between groups. When a significant effect was detected by anova, the Newman–Keuls test was
used to establish which differences between means reached statistical significance (P < 0.05).
Results are presented as mean ± SEM.

RESULTS

Renal histological examination, TIS and SUN
Figure 1 illustrates examples of renal damage and regeneration in control mice and HgCl2-
treated mice given or not given donor BMCs. Degenerative changes were apparent by day 3 after
HgCl2 administration, had partially resolved at day 7, and fully resolved by day 28. Changes in
TIS and SUN are shown in Table 1. Both vehicle alone and administered BMCs had no effect
on either parameter throughout the experimental period. HgCl2 treatment significantly increased
the TIS at day 3; this had declined by day 7, returning to baseline levels at day 28; this pattern
coincided with the pattern of changes in SUN. Patterns of changes in TIS and SUN in HgCl2-
treated mice given BMCs were similar to those in HgCl2-treated mice not given BMCs; there
were no significant differences between these two groups throughout the experimental period.

Table 1. Effects of administration of HgCl2 alone and in combination with donor BMCs on renal tubular injury score
and serum urea nitrogen

Parameter n Pre-HgCl2

Post-HgCl2 and male BMCs

Day 3 Day 7 Day 28

Tubular injury score
Group CON 5 0.12 ± 0.01 0.10 ± 0.02 0.11 ± 0.02 0.11 ± 0.02
Group mBM 5 0.11 ± 0.01 0.11 ± 0.01 0.12 ± 0.01 0.10 ± 0.02
Group HgCl2 5 0.12 ± 0.01 3.66 ± 0.04*†‡ 1.37 ± 0.02*†‡ 0.10 ± 0.02
Group HgCl2 + mBM 5 0.10 ± 0.02 3.72 ± 0.04*†‡ 1.4 ± 0.01*†‡ 0.11 ± 0.02

Serum urea nitrogen (mg/dL)
Group CON 5 20.1 ± 1.9 17.8 ± 2.6 19.1 ± 2.2 17.7 ± 2.5
Group mBM 5 18.2 ± 2.2 18.5 ± 2.7 18.7 ± 2.3 17.1 ± 1.8
Group HgCl2 5 21.3 ± 2.2 69.1 ± 4.2*†‡ 44.7 ± 2.0*†‡ 18.8 ± 2.1
Group HgCl2 + mBM 5 20.1 ± 2.7 70.4 ± 2.6*†‡ 48.4 ± 2.9*†‡ 18.5 ± 2.0

Values are means ± SEM. *P < 0.05 versus the same group at pre-HgCl2 period; †P < 0.05 versus group CON at the 
corresponding time point; ‡P < 0.05 versus group mBM at the corresponding time point. BMCs, bone marrow cells; 
CON, control; mBM, male bone marrow.
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Figure 1. Examples of renal tubular histology in control and HgCl2-treated mice, given or not given bone marrow
cells (BMCs); periodic acid–Schiff stain (original magnifications). Renal tubular cells appeared normal in the control
period (a, ×200) and in mice given BMCs throughout the experiment (b, ×200). Three days after HgCl2, renal tubular
epithelial damage and tubular cell mitoses were seen in HgCl2-treated mice given and not given BMCs (c and d, ×400).
Black arrows indicate extensive renal tubular damage and necrosis (c, d) and white arrows indicate tubular epithelial
mitosis (d). Seven days after HgCl2 damage, regenerative tubules with hypercellularity were seen in HgCl2-treated mice
given (e, ×400) or not given BMCs (f, ×400 and g, ×600). Dashed black arrows indicate apoptotic cells. Four weeks
after HgCl2, most damaged tubules have regenerated in HgCl2-treated mice given or not given BMCs (h and i, ×200).
A blue arrow indicates A Y-positive donor cell (brown dot) with megalin staining (red colour) ( j, ×1000).
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3H-LI of megalin-positive proximal tubular cells
No Y chromosome-positive megalin-expressing cells were observed at time zero among the four
groups, and only a very small percentage (< 0.1%) of Y chromosome-positive cells could be
found in either the mice given male BMCs alone or the HgCl2-treated mice given male BMCs
(Fig. 1j). Changes in 3H-LI of megalin-positive cells are shown in Fig. 2. After HgCl2 treatment,
the overall 3H-LI was significantly higher at day 3 and was still above control values at day 7,
but returned to baseline level at day 28. The pattern of changes in HgCl2-treated mice given BMCs
was similar to those given HgCl2 alone. Furthermore, there were no significant differences
between 3H-LI of proximal tubular cells at any time point between these two groups.

Chimerism and proliferation of donor BMCs in the femoral bone marrow of recipients
Figure 3 depicts changes in the proportion of Y chromosome-positive cells (Fig. 3a) and changes
in 3H-LI of BMCs (Fig. 3b–d) at day 28 in femoral bone marrow of HgCl2-treated mice with or
without BMCs. Approximately 12% of BMCs were of donor origin in the femoral bone marrow
of mice given BMCs alone and in HgCl2-treated mice also given BMCs, but none were detected
in mice not given BMCs (Fig. 3a). Furthermore, the percentage of donor BMCs in the femoral
bone marrow was not significantly different between mice given BMCs alone and those HgCl2-
treated mice also given BMCs. At day 28, there was no significant difference in the 3H-LI of
BMCs among groups, ranging from 32.6 ± 1.0% to 33.4 ± 1.2% (Fig. 3b). 3H-LI of BMCs
derived from the host in control and HgCl2-treated mice was significantly higher than those in
mice given BMCs alone and HgCl2-treated mice also given BMCs (Fig. 3c), presumably
because a significant percentage of the 3H-LI of BMCs was derived from donor BMCs in these
latter mice (Fig. 3d). An example of chimerism and proliferation of donor BMCs at day 28 in
the femoral bone marrow of HgCl2-treated mice given BMCs is illustrated in Fig. 4.

Figure 2. Changes in the total 3H-LI of megalin-positive epithelial cells in the kidney of mice treated with HgCl2
with or without bone marrow cells (BMCs). n = 5 mice per treatment time for each group. *P < 0.05 versus the same
group at day 0; †P < 0.05 vs. group CON at the corresponding time point; ‡P < 0.05 versus group mBM at the corre-
sponding time point. CON, control; mBM, male bone marrow.
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Chimerism and proliferation of donor BMCs in the spleen
Figure 5 illustrates changes in the proportion of Y chromosome-positive cells (Fig. 5a) and
changes in 3H-LI of spleen cells (Fig. 5b–d) in mice treated with HgCl2 with or without BMCs.
No Y chromosome-positive cells were observed at time zero among the four groups. A gradual
and significant increase in Y chromosome-positive cells was seen in spleens of mice infused
with BMCs alone and HgCl2-treated mice also infused with BMCs during the experimental
period, reaching 8.0 ± 0.3% and 8.3 ± 0.3% at day 28, respectively (Fig. 5a). There was no
significant difference in overall 3H-LI of spleen cells among the four groups at all times, being
in the region of 16.8 ± 0.6% to 17.6 ± 0.4% (Fig. 5b). However, at day 28, 3H-LI of spleen cells
derived from the host was significantly lower in mice given BMCs alone (15.3 ± 0.5%) and
HgCl2-treated mice also given BMCs (15.2 ± 0.5%), than those in the groups not given BMCs
(~18%) (Fig. 5c), again presumably, because a significant percentage of labelled of spleen cells
in the mice given BMCs came from the donor BMCs (Fig. 5d). Examples of chimerism and
proliferation of donor BMCs in spleens of HgCl2-treated mice given BMCs are shown in Fig. 6.

DISCUSSION

This study has demonstrated that (1) exogenous donor BMCs do not apparently contribute to
repair of the kidney in non-irradiated mice after acute tubular damage has been caused by

Figure 3. The extent of bone marrow (BM) engraftment was analysed at day 28. The proportion of Y chromosome-
positive cells (a), and changes in the 3H-LI of bone marrow cells (BMCs) of (b) total (combined recipient and donor
BMC origin) (c) recipient origin, and (d) donor BMC origin, at day 28 in the femoral bone marrow of mice treated with
or without with HgCl2 and BMCs. n = 5 mice at day 28 per each group. †P < 0.05 versus group CON; ‡P < 0.05 versus
group HgCl2. CON, control.
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HgCl2; (2) without a conditioning regime, injected BMCs can nevertheless home back to the bone
marrow and spleen; (3) despite absence of preparative myeloablation, engrafted donor BMCs
can synthesize DNA in the bone marrow and spleen, suggesting that these engrafted donor
BMCs may play a functional role in homeostasis of the haematopoietic and immunological systems.

Figure 4. Examples of chimerism and proliferation of donor bone marrow cells (BMCs) at day 28 in the bone
marrow of mice given HgCl2 and infused with donor male BMCs 1 day later: (a) black arrows indicate donor-derived
BMCs (Y chromosome paint seen as brown nuclear signal) under bright field illumination, original magnification ×500;
(b) the same field under reflected-light dark-field illumination, white arrows point to clusters of silver grains (3H-
thymidine labelling); (c) the images in (a) and (b) were combined to help to show silver grains over cells that are of donor
BMC origin. (d), (e) and (f ) are 2-fold magnifications of the boxed area in (a). (g) Engrafted donor BMCs in the femoral
bone marrow demonstrated by a FISH method, white arrows point to Y chromosomes (Y chromosome paint seen as
green nuclear signal, ×630).
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Here, administration of donor BMCs into HgCl2-treated non-irradiated mice did not
ameliorate renal tubular damage as evidenced by the SUN and TIS data, with rare engraftment
of BMCs in renal tubules. However, cell therapy with a variety of cell types has been used to
aid regeneration in damaged organs (Azizi et al. 1998; Horwitz et al. 1999, 2001; Orlic et al.
2001a; Strauer et al. 2002; Terai et al. 2003; Ende et al. 2004; Vendrame et al. 2004) and has been
reviewed in Fang & Poulsom (2003). For example, infusion with BMCs into non-myeloablated
recipients can improve cardiac function in mice with infarcted myocardium (Orlic et al. 2001b)
and patients with acute myocardial infarction (Strauer et al. 2002). However, some observations
on the value of stem cell therapy to rescue acute organ injury in non-irradiated recipients are
conflicting (Kanazawa & Verma 2003; Terai et al. 2003; Borlongan et al. 2004; Vendrame et al.
2004). For example, one study has shown that after intravenous infusion of GFP(+)–BMCs into
non-irradiated mice with CCl4-induced liver damage, GFP-positive hepatocytes could be found
1 day after GFP(+)–BMC infusion that proliferated over the next 4 weeks to account for 25%
of all hepatocytes (Terai et al. 2003). In contrast, another study showed that after infusion with
either GFP- (105 or 107 cells), or lacZ-marked BMCs (105 or 107 cells) into non-irradiated mice
after CCl4 injury, no donor-derived cells could be seen at 4 weeks after BMC injection
(Kanazawa & Verma 2003). In kidney, the result of stem cells therapy for acute tubular necrosis
is conflicting (Kale et al. 2003; Lin et al. 2003, 2005; Morigi et al. 2004; Duffield et al. 2005;
Lange et al. 2005; Togel et al. 2005). The discrepancy of stem cell therapy for ARF may be due
to (1) existence of a conditioning advantage (cisplatin or irradiation) for donor stem cells, and
(2) different cell types and the number of cells injected. For example, considering cisplatin, the

Figure 5. The extent of spleen engraftment at times after treatment with HgCl2 and bone marrow cells (BMCs)
was analysed at days 0, 3, 7 and 28. n = 5 mice per treatment time for each group. The proportion of Y chromosome-
positive cells (a), and the 3H-LI of cells of (b) total (combined recipient and donor BMC origin) (c) recipient origin, and
(d) donor BMC origin. †P < 0.05 versus group CON and ‡P < 0.05 versus group HgCl2 at the corresponding time
points. CON, control.



602 T.-C. Fang et al.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Cell Proliferation, 41, 592–606.

study of Morigi et al. (2004) showed a higher level of proliferation (Ki67-positive nuclei/HPF)
at day 29 than at days 4 and 11 after cisplatin although renal function had already recovered
to baseline at day 11, implying that regenerative ability of host cells was initially inhibited by
cisplatin. In contrast, our study has shown that the regenerative ability of the recipient was
not affected, evidenced by the peak level of 3H-LI consistent with regeneration of renal tubular
epithelium (TIS and BUN data). Considering the requirement of lethal irradiation for achieving
significant levels of renal tubule engraftment, the consequences are still unclear. Two studies
have demonstrated that lethally irradiated mice subjected to ischaemia/reperfusion renal injury
and subsequently injected with HSCs, showed that HSCs could contribute to functional regen-
eration of damaged renal proximal tubules and transdifferentiate into renal tubular cells (Kale

Figure 6. Examples of chimerism and proliferation of donor bone marrow cells (BMCs) at day 28 in the spleen of
mice given HgCl2 and infused with donor male BMCs 1 day later: (a) black arrows indicate donor-derived BMCs
(Y chromosome paint seen as brown nuclear signal) under bright field illumination, original magnification ×500; (b) the
same field under reflected-light dark-field illumination, white arrows point to clusters of silver grains (3H-thymidine label-
ling); (c) the images in (a) and (b) were combined to help to show silver grains over cells that are of donor BMC
origin. (d), (e) and (f) are 2-fold magnifications of the boxed area in (a). (g) Engrafted donor BMCs in the spleen demon-
strated by a FISH method, broken arrows point to Y chromosomes (Y chromosome paint seen as green nuclear signal,
×630 and ×1000 inset).
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et al. 2003; Lin et al. 2003). However, the second study showed that lethally irradiated mice sub-
jected to ischaemia/reperfusion renal injury and subsequently injected with BMCs showed that
BMCs did not improve renal function although BMCs consisted of 8.8% of tubular epithelial
cells (Lin et al. 2005). Concerning MSCs, several studies have demonstrated that non-irradiated
mice subjected to ischaemia/reperfusion then renal injury and subsequently injected with MSCs,
and showed that MSCs could improve renal function without the precondition of lethal irradia-
tion. However, the mechanism of this benefit from MSCs on ischaemia/reperfusion renal injury
is unclear, this may be either transdifferentiation (Morigi et al. 2004) or paracrine effects
(Duffield et al. 2005; Lange et al. 2005; Togel et al. 2005). Taken together, it seems that lethal
irradiation is required for HSCs and BMCs to achieve significant levels of renal tubule engraft-
ment; however, this may not be the same for MSCs to accomplish significant levels of renal
tubule engraftment.

In addition, one clinical study supports that autologous bone marrow infusion is beneficial
in healing after ischaemic heart disease (Perin et al. 2003). The benefits appear related to
preserving or re-establishing microvessels and limiting the extent and severity of damage (Nishida
et al. 2003). Moreover, further information has shown that after intrarenal arterial injection of
autologous MSCs, transplanted cells could transdifferentiate into renal tubular cells but did not
attenuate the renal injury (Behr et al. 2007). Indeed, if autologous bone marrow should be used,
rejection would clearly not be a problem.

Regarding the different cell types and the number of cells injected, the number of HSCs used
was a little higher in the study of Lin et al. (2 × 103) and Kale et al. (5 × 103) than that in our
investigation, estimated to be around 1–2 × 103 HSCs injected, according to incidence of HSCs
in the bone marrow (1 in 5–10 × 105 BMCs) (Spangrude et al. 1988; Morrison et al. 1997). The
number of MSCs injected was also higher in the work of Morigi et al. (2 × 105) than that in ours,
estimated to be around 20–2000 MSCs, according to incidence of MSCs in bone marrow (1 in
0.1–10 × 105 BMCs) (Barry 2003; Zhao et al. 2004).

It is well known that bone marrow stem cell homing depends on creating spaces or niches
for the stem cells to occupy and repopulate, although some animal studies have demonstrated
that repeated infusion with a high dose of BMCs (2–8 × 108) into non-myeloablated recipients
can also establish a high level of chimerism in bone marrow (19–88%), spleen (30–100%) and
thymus (28–50%) at 5 and 7 weeks after BMC infusion (Blomberg et al. 1998), reviewed in
Quesenberry et al. 1999, 2001). However, it is still uncertain whether a single infusion of BMCs
into non-myeloablated recipients can establish chimerism in the bone marrow and spleen
(Takada & Takada 1971; Takada et al. 1971; Ramshaw et al. 1995; Nilsson et al. 1997, 1999).
Two earlier studies showed that after a single injection, donor BMCs rarely enter the bone marrow
in non-irradiated hosts (Takada et al. 1971; Takada & Takada 1971). In contrast, later studies
have demonstrated that a single BMC infusion into non-myeloablated mice could achieve
chimerism in the bone marrow (Ramshaw et al. 1995; Nilsson et al. 1997, 1999). For example,
Nilsson et al. reported that a single infusion with BMCs (108 or 1.8 × 108 cells) into non-
myeloablated mice could repopulate bone marrow by up to 30%, analysed 6 weeks after BMC
administration by Southern blot analysis (Nilsson et al. 1997, 1999). In our study, where a
single infusion of exogenous BMCs was given to recipients without myeloablation, donor BMCs
could also home back to haematopoietic areas such as bone marrow, analysed by a different
method – direct visualization (in situ hybridization procedure) to detect donor BMCs. This
recipient chimerism obviously required infusion with donor BMCs, but was not dependent on
HgCl2-induced damage. It is already known that mixed chimerism can be achieved after HSC
transplantation to rescue sufferers of genetic diseases such as haemoglobinopathies and
severe combined immunodeficiency disease; however, complication of irradiation to the
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recipient can not be neglected (Fang & Poulsom 2003). In this present study, we find that
even in the absence of irradiation, BMC transplantations can establish chimerism, with obvious
therapeutic implications.

It was uncertain whether engrafted donor HSCs are capable of proliferation in the bone
marrow and spleen of non-myeloablated recipients. Earlier work from Hendrikx et al. who trans-
planted sorted HSCs labelled with PKH26 into non-myeloablated mice, noted the proliferative
activity of engrafted donor HSCs in the bone marrow and spleen (Hendrikx et al. 1996). Later,
in contrast, Zhong et al. again using FACS analysis concluded that there was no proliferative
activity in engrafted donor HSCs (Zhong et al. 2002). Here, though, not resolving the issue of
whether or not injected HSC can proliferate in the bone marrow and spleen of non-myeloablated
recipients, clearly shows that there are cells within whole bone marrow capable of proliferation.
However, proliferative ability of engrafted cells within bone marrow does not mean that these
cells can participate in some healing process and that they may respond to their host signals.
A further investigation is necessary to evaluate whether these engrafted cells would play a role
in repair of subsequent renal tubular damage.

In summary, the present study confirmed that donor BMCs seemingly contribute little to the
repair of the HgCl2-damaged kidney in non-irradiated mice, although chimerism was established
in the bone marrow and spleen. These engrafted donor BMCs within spleen and bone marrow
had the ability to synthesize DNA, which might account for the rising level of chimerism seen in
the spleen. At present, we do not know whether this mixed chimerism of bone marrow established
in recipients could play a role in repair of subsequent renal tubular damage.
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