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Hematopoietic and nonhematopoiefic potentials of
Hoechst*"/side population cells isolated from adult rat
kidney.

Background. Although the regenerative stem cell is expected
to exist in many adult tissues, the cell contributing to the regen-
eration of the kidney remains unknown in its type and origin.

Methods. In this study, we isolated cells that show low stain
with a DNA-binding dye Hoechst 33342 (Hoechst'™* cells)
from aduvlt rat kidney, and investigated their differentiation
potentials.

Results. Hoechst™™ cells, generally termed side population
cells, existed at a frequency of 0.03% to 0.1% in the cell sus-
pension of the digested kidney. Analysis of the kidney-derived
Hoechst"¥ cells after bone marrow transplantation indicated
that some of the cells were derived from bone marrow. When
enthanced green fluorescent protein (EGFP)-labeled kidney-
derived Hoechst'®* cells were intravenously transplanted into
wild-type adult rats, EGFPT cells were not detected in the
kidney, but EGFP* skeletal muscle, EGFP* hepatocytes and
EGFP* bone marrow cells were observed. Even after the induc-
tion of the experimental glomerulonephritis and gentamicin-
induced nephropathy that promote the differentiation of bone
marrow-derived cells into repopulating mesangial cells and
tubular component cells, respectively, EGFP* mesangial or
tubular cells were not observed. Neither with an in vitro system,
which we established to produce mesangial-like cells from crude
bone marrow culture, did Hoechst'o™ cells yield mesangial-like
cells,

Conclusion. These findings implicate that Hoechst™ cells
in the kidney may have potentials for hematopoietic and non-
hematopoietic lineages, but are not stem cells for renal cells,
especially mesangial and tubular cells.

Cells with developmental pluripotency and self-
renewal capacity, which are referred to as stem cells,
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attract the intense and increasing attention because of
their biologic properties and potential medical impor-
tance. One of the most significant discoveries in this field
is that olfactory bulb and hippocampus of the adult brain
show ongoing neurogenesis, and that neuvral stem cells
arc isolated from the spinal cord, the neural crest, and
the subgranular zone in the dentate gyrus of the adult
hippocampus [1, 2]. The existence of stem cells is also
found in intestine [3], gonad [4], liver [5], and skin [6]. Al-
though it is a general concept that stem cells regenerate
only a subset of differentiated cell types in a given tissue,
the overall developmental potentials of a stem cell seem
to be much wider than expected; different environmen-
tal cues determine different repertoires of potential stem
cell fates. For example, muscle-derived cells can gener-
ate blood cells [7, 8] and brain-derived cells can generate
blood cells [9, 10] or muscle [11, 12].

The major part of the kidney originates from the
intermediate mesoderm via the transformation from
mesenchyme to epithelium. This part comprises two
fundamental components: the plasma ultrafiltration unit,
glomerulus, and the remal tubular epithelium. The
glomerulus is damaged in glomerular diseases such as
glomerulonephritis and diabetic complication. However,
even chronic histologic lesions due to diabetes can be im-
proved throughnormalized glucose metabolism achieved
by successful pancreas transplantation {13]. Recently, we
reported that bone marrow that carries mesenchymal
stem c¢ells can give rise to mesangial cells in vivo in
response to acute mesangial injury [14]. We have also
found that bone marrow-derived cells in culture can be
converted to mesangial-like cells under the specialized
conditions [15]. The renal tubular epithelium, the site
susceptible for drug-related nephrotoxicity and ischemic
injury, is often reversible after appropriate therapeutic
strategies. Therefore, one can proceed on the assumption
that a type of stem cells that possess the differentiation
and self-renewal capacity contributes to the regeneration
of the kidney or that differentiated cells reenter the cell
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cycle and subsequently contribute to the preponderance
of regeneration. It is also likely that both systems work
during the regeneration process, which seems to be anal-
ogous to the phenomenon observed in injured liver {5,
16).

The problem to pursue stem cells for the adult kidney is
that little is known about markers for such cells. Recently,
a fraction of cells showing low stain with a DNA-binding
dye Hoechst 33342 has been closely watched as a can-
didate of stem cells. These cells, generally referred to as
Hoechst'¥ cells or side population cells, were originally
identified in murine bone marrow by the characteristics
of the differential ability to efflux Hoechst 33342 [17]. The
Hoechst!°¥/side population cells are mostly CD34~Lin",
but have hematopoietic stem cell activity [18]. Bone mar-
row Hoechst!°¥/side population cells are converted to car-
diomyocytes in vivo [19], and Hoechst'®¥/side population
cells isolated from skeletal muscle yield hematopoietic
lineages and skeletal muscle [7, 20]. These results sug-
gest that a fraction of Hoechst'*"/side population cells
includes stem cells with multipotency and that Hoechst
33342 dye efflux may be one of the universal phenotypes
of stem cells.

In this study, we isolated Hoechst*%/side population
cells from adult rat kidney, examined their property
as stem cells and revealed their relationship with bone
Marrow.

METHODS
Animals

Sprague-Dawley rats were purchased from Japan SL.C,
Inc. (Hamamatsu, Japan} and were maintained in a spe-
cific pathogen-free environment at the animal facility
of Osaka University School of Medicine. They were al-
lowed to get free access to standard laboratory diet and
tap water. All rats weighing 150 to 200 g, anesthetized
by intraperitoneal administration of pentobarbital, were
subjected to the experiments. All the procedures de-
scribed here were approved by the Animal Commit-
tee of Osaka University School of Medicine. Transgenic
Sprague-Dawley rats carrying the enhanced green fluo-
rescent protein (EGFP) transgene (EGFP rat) were used
as described previously [14].

Preparation for cell suspension of rat kidney

Rats were anesthetized and abdominal aorta was lig-
ated below the diaphragm. Then, rats were perfused via
the abdominal aorta, first with 100 mL of solution I
[Hank’s balanced salt solution {HBSS} (Gibco; Invitrogen
Corp., Carlsbad, CA, USA)/10 mmol/L Hepes - NaOH
(pH7.5)/5mmol/L ethylene glycol tetraacetate (EGTA)],
and second with 10 mL of solution II [medium199
(Gibco)/2% fetal calf serum (FCS)/10 mmol/L. Hepes -
NaOH (pH 7.5)/0.05% collagenase type XI (Sigma)].

Kidneys were harvested, and the capsules were peeled
off in a sterile manner. Then a small piece of the tis-
sue was saved for the following histologic evaluations.
The rest of the tissue was minced into coarse slurry with
a razor blade and digested in 20 mI of the solution II
for 30 minutes at 37°C. The resultant digest was passed
through 70 pm of nylon mesh and centrifuged at 70g for
4 minutes at 4°C. Then the pellet was resuspended in 6
mL of phosphate-buffered saline (PBS)/2% FCS/2 pg/mL
gentamicin, overlaid on 6 mL of Lymphoprep™ (Axis-
Shield PoC AS, Oslo, Norway) and centrifuged at 800g
for 20 minutes at room temperature. A cell fraction, lo-
cated at the interphase, was collected and washed three
times with staining medium [phenol red-free Dulbecco’s
moedified Eagle’s medium (DMEM) (Gibco)/2% FCS/10
mmol/L Hepes - NaOH (pH 7.5)/2 pg/mL gentamicin] at
700g for 10 minutes at 4°C.

Hoechst staining and cell sorting

The cells obtained above were resuspended at 1 x 105
cells/mL in the staining medium containing 5 pg/mi. of
Hoechst 33342 (Molecular Probes, Eugene, OR, USA),
and incubated at 37°C for 90 minutes under the pro-
tection from light in the absence or the presence of
50 pmol/L of verapamil (Eisai Co., Ltd., Tokyo, Japan)
[17]. Hoechst'®¥/side population cells were visualized and
collected by a flow cytometer, FACS Vantage (Becton
Dickinson, San Jose, CA, USA) as described previously
[17] with a slight modification. As optical filters for blue
fluorescence and red fluorescence, a 424/44 band pass fil-
ter and a 660/20 band pass filter were used respectively.
A 610 short pass dichroic mirror was used to separate
Hoechst red from Hoechst blue. Green fluorescence of
EGFP was detected through a 530/30 band pass filter,

Just for the confirmation of the viability, kidney cells
already stained with Hoechst 33342 were further stained
with 2pg/mL of propidium iodide (Sigmay).

Characterization of kidney-derived Hoechst'*"/side
population cells

Kidney cells, which were derived from wild-type rats
and already stained with Hoechst 33342, were alsostained
with mouse anti-CD45 antibody (Chemicon Interna-
tional, Inc., Temecula, CA, USA) in combination with
fluorescein isothiocyanate (FITC)-conjugated secondary
antibody and were analyzed with FACS Vantage. More-
over, kidney-derived Hoechst'*¥/side population cells
from wild-type rats were collected with FACS Vantage
and their RNA was extracted with Trizol™ Reagent (In-
vitrogen Japan K.K., Tokyo, Japan). Then we performed
reverse transcription (RT) with SuperScript™ II RNase
H~ Reverse Transcriptase (Invitrogen Japan K.K.), and
further performed polymerase chain reaction (PCR)
with Gene Amp PCR System 9700 (Applied Biosystems
Japan, Ltd., Tokyo, Japan). The pairs of primers used were
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as follows: ABCG2, 5'-gccacatgattectccacagtececa-3'
and 5'-gctgtectggcttcagtactitagea-3; MDR1, 5'-ggaact
ctegetpetatcatecacggaac-3’ and 5'-acctggatgtagpgeaacgat
gagcacacc-3; c-Kit, 5-aagccgaggccactcacacgggeaaat-3
and 5-ccaaccaggaaaagtacggeaggatete-3; Scal, 5'-cactgt
ccgeaggpctggattactce-3’ and 5'-gataggtagacgtactpcacagy
agac-3; CD45, 5'-cagcacaacattagtetectgggetgage-3' and
5'-cagggccatttcgttgeacceteecaata-3'; and Thyl, 5-atgtece
gaggacagaggptpatcage-3’ and S'-cgtgettettettctetcgggtea
gge-3. The PCR conditions were as follows: all sampies
were heated up to 94°C for 2 minutes, and then ampli-
fied for 35 cycles consisting of 94°C for 30 seconds, a
30-second annealing step at a primer-specific annealing
temperature, and 72°C for 40 seconds. All reactions were
then incubated at 72°C for 3 minutes and cooled to 4°C.
The annealing temperatures were 60°C as to ABCG2, c-
Kit, and Scal and 64°Cas to MDR1, CD45, and Thyl. The
RT-PCR products were electrophoresed on a 2% agarose
gel with GelStar Nucleic Acid Stain (Cambrex Corpora-
tion, East Rutherford, NJ, USA) or ethidium bromide,
and were photographed.

Kidney-derived Hoechst!®¥/side population cells were
collected from wild-type rats, and attached to slide glass
with Cytospin 4 (Thermo Shandon, Cheshire, England).
Then they were fixed with 4% paraformaldehyde/PBS
for 20 minutes and permeabilized with 0.1% NP-40/PBS
for 20 minutes and further stained with either of rab-
bit antirat aquaporin 2 affinity-purified polyclonal an-
tibody (Chemicon International Inc.) and anti-RECA1
antibody {(Cosmobio Co., LTD., Tokyo, Japan), followed
by appropriate FITC-conjugated secondary antibodies.
Each procedure was followed by twice of PBS washes.
As control samples, collagenase-digested whole kidney
cells were also treated with the same procedures.

Bone marrow transplantation

Bone marrow transplantation was performed as de-
scribed previously with EGFP rats and wild-type rats as
donors and recipients, respectively [14]. Six weeks af-
ter bone marrow transplantation, the cell suspension was
prepared from the kidney as described above.

Transplantation of Hoechst'*"/side population cells
and induction of experimental glomerulonephritis
or tubular injury

Hoechst!*¥/side population cells which were prepared
from kidneys of EGFP transgenic male rats were trans-
planted into wild-type female rats thathad beensubjected
to 5 Gy of total body irradiation 1 day before the trans-
plantation. Hoechst'¥/side population cells were resus-
pended in 1 mL of the staining medium without Hoechst
dye and were intravenously administered into a recip-
ient via the tail vein. The number of Hoechst'*¥/side
population cells transplanted was 3000 to 8000 cells per
recipient rat. Hereafter, this rat was designated as a
side population-transplanted rat. To prevent possible
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acute graft-versus-host disease (GVHD) or rejection, cy-
closporine A (Novartis Pharma K.X., Tokyo, Japan) was
subcutaneously administered to the recipient rats at a
dose of 1.5 mg/kg/day for 7 days following the trans-
plantation. To three side population-transplanted rats,
anti-Thyl antibody-mediated experimental glomeru-
lonephritis (Thyl nephritis) was induced 5 weeks after
the transplantation as described previously [14]. To other
three side population-transplanted rats, 60 mg/kg/day of
gentamicin (Sigma) was subcutaneously administered for
14 consecutive days approximately 6 to 8 weeks after the
transplantation to evoke gentamicin-induced nephropa-
thy in a modified manner as reported [21].

Analysis of side pepulation—transplanted rats

Ten weeks after the transplantation, the side
population-transplanted rats were anesthetized and were
perfused with 200 mL. of the solution 1. After one set
of the tibia and femur from each rat was set aside for
the following flow cytometric analysis of the bone mar-
row, several organs, including kidney, liver, and skeletal
muscle, were taken and fixed in 10% buffered forma-
lin for 3 hours at 4°C in the dark. Immunohistochemical
analysis of frozen sections was performed as described
previously [14] by the following primary antibodies:
mouse anti-CD45 antibody, mouse anti-RECA1 anti-
body, rabbit antilaminin antibody (Monosan, Uden, The
Netherlands) or purified IgG fraction of polyclonal rab-
bit antiserum to rat albumin (Accurate Chemical and
Scientific Corporation, Westbury, NY, USA) in combi-
nation with Texas Red—conjugated secondary antibodies.
Nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) (Molecular Probes, Eugene, OR, USA). Sec-
tions were observed under a fluorescence microscope
(Nikon Eclipse E600} (Nikon, Tokyo, Japan) with ap-
propriate filters, and all images were captured by a digi-
tal imaging system connected to a Macintosh computer.
Bone marrow cells, which were harvested by the flush
of the unfixed tibia and femur with heparinized PBS/2%
FCS/2 pg/ml gentamicin, were subjected to flow cyto-
metric analysis. The kidney was evaluated both with and
without the induction of Thyl nephritis or gentamicin-
induced nephropathy, but the other organs mentioned
above were evaluated without the induction. The rats
burdened with Thyl nephritis and gentamicin-induced
nephropathy were analyzed 5 weeks after the adminis-
tration of Thyl, and 4 to 8 weeks after the last admin-
istration of gentamicin, respectively. Their kidneys were
also evaluated by periodic acid-Schiff (PAS) stain.

Culture of Hoechst'*™/side population cells

In order to test the differentiation capability of
Hoechst'°¥/side population cells which were prepared
from EGFP rat kidneys, an in vitro differentiation
assay system which we established to convert bone
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Fig. 1. Hoechst 33342 flnorescence
of kidney-derived cells and reverse
transcription-polymerase chain reaction (RT-
PCR) analysis of kidney-derived Hoechs#o"/
side population cells. Cells prepared from
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marrow cells into mesangial-like cells was employed
with a slight modification [15]. In short, 1 day prior
to the preparation of Hoechst'®/side population cells
from EGFP rat kidneys, bone marrow cells were har-
vested from wild-type rats. The bone marrow cells
were resuspended in growth medium [DMEM/10% FCS/
10% horse serum (Gibco)/0.5% chick embryo extract
(Gibeo)/4% penicillin-streptomycin (ICN, Aurora, OH,
USA)], and were placed on collagen type I-coated dishes
at 37°C in 5% CO; for 24 hours. Nonadherent cells
were collected, mixed with the Hoechst®¥/side pop-
ulation cells from the EGFP rat kidneys, and were
cultured on collagen type IV-coated dishes at 37°C
in 5% CO,. After 2 days, the medium was changed
to differentiation medium [DMEM/2% horse serum
(Gibco)/4% penicillin-streptomycin (ICN)/1 pmol/L. of
all-trans retinoic acid (Sigma)/200 ng/ml of platelet-
derived growth factor-BB (PDGF-BB) (R&D Systems,
Minneapolis, MN, USA)]. After 6 days, the cells were
fixed for 5 minutes in ice-cold methanol and then washed
with PBS three times. They were stained with mouse
anti-Thyl antibody or rabbit antidesmin antibody (Bio-
Science Products AG, Emmenbruecke, Switzerland) sep-
arately, which was followed by the staining with Texas
Red-conjugated secondary antibodies.

RESULTS
Existence of Hoechst'°"/side populatien cells in the adult
rat kidney

Hoechst'®¥/side population cells were reported to be
a small yet distinct population in murine whole bone

wild-type adult rat kidneys were stained with
Hoechst 33342 in the absence (A) or presence
(B) of verapamil and were analyzed by
flow cytometry. The boxed region indicates
Hoechst'¥/side population cells which are
sensitive to verapamil. Signal detectors were
set in the linear mode, and the voltages were
adjusted to place the major population at the
center of the chart. (C) RT-PCR analysis of
kidney-derived Hoechst®¥/side population
cells. Lane 1, ABCGZ; lane , MDRI,; lane 3,
¢-Kit; lane 4, Scal; lane 5, CD45; and lane
6, Thyl. Molecular sizes (base pairs) are
indicated on the left side.

Hoechst Red

marrow by the observation of Hoechst 33342 dye flu-
orescence at two emission wavelengths, red and blue
[17]. A similar scattergram was also reported from
cell suspension prepared from murine skeletal muscle
[7]- In our experiment, when cell suspension prepared
from the adult rat kidney was stained with Hoechst
33342 according to the protocol for murine bone mar-
row Hoechst®¥/side population cells, an almost identi-
cal pattern was seen (Fig. 1A). It is known that the low
Hoechst fluorescence of bone marrow-derived or skele-
tal muscle-derived Hoechst'°¥/side population cells was
due to high multidrug resistance protein (mdr) or mdr-
like activity that actively pumps the dye out of cells [17].
Consistently, the Hoechst'¥/side population region in
Fig. 1A mostly disappeared when the staining was per-
formed in the presence of an inhibitor of mdr, verapamil
(Fig. 1B). The frequency of Hoechst'¥/side population
cells obtained from the adult rat kidney was 0.03% to
0.1% in our preparation. Collagenase treatment was es-
sential to obtain Hoechst'®*/side population cells from
the kidney, and Hoechst'*¥/side population cells were al-
ways recovered from the 70g precipitate, not from the
70g supernatant {data not shown). When the kidney
Hoechst!®*/side population cells were stained with pro-
pidium iodide, 80% to 90% of them were negative, indi-
cating that most of them were healthy and alive. When
analyzed by RT-PCR, kidney-derived Hoechst'/side
population cells from wild-type rats were ABCG2 (+),
MDRI1 (+), ¢-Kit (+), Scal (+), CD45 (+), and Thyl
(—) (Fig. 1C). Because of technical limitations, we could
not visualize the existence of cells which did not ex-
press ABCG2, MDRI, c-Kit, Scal, or CD45. When
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kidney-derived Hoechst'®/side population cells were
stained with rabbit antirat aguaporin 2 affinity-purified
polyclonal antibody, the positive rate was 4.3%, while
that of the collagenase-digested whole kidney cells was
2.9%. When kidney-derived Hoechst'®¥/side population
cells were stained with anti-RECA1 antibody, the posi-
tive rate was 6.7 %, while that of the collagenase-digested
whole kidney cells was 8.2%.

The relationship between bornte marrow and kidney

In murine bone marrow, almost all hematopoietic stem
cells are enriched in the Hoechst'*¥/side population re-
gion [17]. Hoechst!®*/side population cells that are ob-
tained from skeletal muscle show hematopoietic activity
inirradiated mice {7]. Therefore, we investigated whether
Hoechst'®¥/side population cells in the kidney were
linked with bone marrow. Blood cells in the vascula-
ture of the kidney were completely washed out by the
perfusion prior to the collagenase treatment, which was
confirmed by histologic analysis (data not shown). As
shown in Figure 2A to C, the Hoechst'®¥/side popula-
tion cells prepared from rats into which bone marrow of
EGFP rats was transplanted in advance contained both
EGFP* cells and EGFP~ cells. The EGFP™ cells were
approximately 10% to the total Hoechst*%/side popu-
lation cells. The EGFPT cells broadly scattered within
the Hoechst®¥/side population region (Fig. 2A and B)
yet were confined in the area with small forward scatter
(FSC) and side scatter {SSC) values, both of which reflect
the size and the complexity of a cell, respectively (Fig. 2C
and D). In contrast, the rest of Hoechst®¥/side popu-
lation cells that are EGFP~ comprised more heteroge-
neous population as long as evaluated by FSC and SSC
(Fig. 2E). Non-Hoechst!®¥/side population cells in the
preparation also contained EGFP cells with various val-
ues of FSC and SSC (Fig. 2F and G). The CD45 pos-
itive rate of Hoechst'*¥/side population cells prepared
from wild-type kidneys was approximately 1% to 3%.
These results indicate that a part of Hoechst®/side
population cells in the kidney is derived from bone
MAITOW.

Transplantation of kidney-derived Hoechst'*"/side
population cells

To investigate the differentiation ability of kidney-
derived Hoechst'®%/side population cells in vivo, we pre-
pared EGFP* Hoechst®"/side population cells from
EGFP rat kidneys and transplanted the cells to wild-type
rats that were irradiated at a dose of SGy prior to the
transplantation. Then, transplanted cells were tracked
by EGFP as a tag. On average, two adult rats were
used to prepare the cell suspension sufficient for sort-
ing, for approximately 7 to 8 hours, 8000 Hoechst'®¥/side
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population cells at a flow rate of 1000/sec. The col-
lected cells were combined and transplanted to a single
recipient.

In the side population-transplanted rats, approxi-
mately 0.03% of the bone marrow ¢ells expressed EGFP
(Fig. 3A). The signal intensity of EGFP was almost simi-
lar to that obtained from the bone marrow of EGFP rats
(Fig. 3B). When bone marrow cells with the strongest
expression of EGFP were analyzed in FSC-SSC charts,
side population—transplanted rats and EGFP rats showed
similar distribution (Fig. 3C and D). These results sug-
gest that kidney-derived Hoechst'*¥/side population cells
were engrafted in the recipient’s bone marrow and pro-
duced their progeny, even though their developmental
stages and lineages were not analyzed.

Some of the skeletal muscle fibers of side population—
transplanted rats clearly expressed EGFP (Fig. 4A). The
expression of EGFP is restricted within the basal lamina
that is visualized with laminin staining. In addition, some
of hepatocytes of side population-transplanted rats ex-
pressed EGFP in a cytoplasmic pattern (Fig. 4C, arrow),
The EGFP* cells were also positive to albumin, a marker
for the hepatocyte (Fig. 4E to G). These results indicate
that kidney-derived Hoechst'®*/side population cells con-
tributed to the formation of skeletal muscle and liver in
vivo in the absence of apparent tissue injuries.

In the kidney of side population—transplanted rats,
proximal tubules showed green fluorescence that was
brighter than autofluorescence observed in wild-type
rats and than fluorescence observed in distal tubules
or collecting ducts of side population—transplanted rats
(Fig. 5A and B). The green fluorescence in proximal tubu-
lar epithelial cells of side population—transplanted rats
was not in a cytoplasmic pattern but in a granular pattern
(Fig. 5C). No other cells expressing EGFP could be ob-
served either in intraglomerular region or in interstitial
region. In our previous experiments, we demonstrated
that bone marrow can give rise to mesangial cells in vivo
in response to mesangiolysis [14]. We examined whether
transplanted Hoechst'°%/side population cells were capa-
ble of differentiating into mesangial cells in vivo, because
Hoechst®¥/side population cells in the kidney might be
the origin of bone marrow-derived mesangia! cells. How-
ever, transplanted Hoechst!®¥/side population cells ex-
pressing EGFP were rarely observed in glomeruli regard-
less of the induction of Thyl nephritis (Fig. 5D and E).

By using another disease model, we examined whether
transplanted Hoechst'*¥/side population cells were capa-
ble of differentiating into tubular epithelial cells in vivo.
In the gentamicin nephrotoxicity model following bone
marrow transplantation, bone marrow-derived EGFP*
cells were occasionally yet clearly observed as a tubular
component. These cells were observed in Tamm-Horsfall
protein—negative segments (Fig. SH, arrow). The fre-
quency of the engraftment to tubular component cells was
0.42% in cortex, 0.13% in corticomedullary junction, and
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Fig. 2. Flow cytometric analysis of kidney-derived cells that are prepared from bone marrow—transplanted adult rats. (4) Hoechst fluorescence
of whole kidney-derived cells is shown. Hoechst'®¥/side population fraction is indicated in the boxed region, R1. (B) Enhanced green fluorescent
protein (EGFP)* cells in the R1 region are shown in red, which are shown in (A) also in red. These cells are also shown in the R2 region of (C)in
red. {(C) FSC-EGFP chart of cells in the R1 region. The R1 region contains EGFP? cells (R2) and EGFP™ cells (R3). (D) FSC-SSC chart of cells in
the R2 region. (E) FSC-S5C chart of cells in the R3 region. (F) FSC-EGFP chart of whole cells other than R1 region. Cells expressing EGFF are
boxed in the R4 region. (G) FSC-85C chart of cells in the R4 region. FSC, forward scatter; SSC, side scatter.

0.70% in medulla. Importantly, the cells displayed green
fluorescence as a brilliant cytoplasmic signal (Fig. 51 and
J, arrow), which was quite different from the granular
pattern in Figure 5C. This result indicated that EGFP
was produced in the cell, not derived from endocytosed
protein. On the other hand, EGFP* cells were not ob-
served in the tubular epithelium of the side population—
transplanted rats even after the induction of gentamicin
nephrotoxicity (Fig. 5G).

In our previous experiments, we demonstrated that
bone marrow can give rise to mesangial-like cells in
vitro in response to PDGF-BB [15]. In order to examine
whether or not the kidney-derived Hoechst'¥/side popu-
lation cells are capable of differentiating into mesangial-
like cells in vitro, they were placed in a bone marrow
culture system which we established to convert bone
marrow—derived cells into mesangial-like cells [15]. Since
Hoechst'"/side population celis alone did not easily stay



1610
A B
= . =
g g
E E
3 &
g i

Iwatani et al: Kidney-derived side population ceils

88C
SsC
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Fig. 3. Flow cytometric analysis of bone mar-
row of side population-transplanted rats.
The whole bone marrow taken from a side
population-transplanted rat or an enhanced
green fluorescent protein (EGFP) rat was sub-
jected to flow cytometric analysis. (A and
C) Bone marrow from a side population—
transplanted rat. (B and D) Bone marrow
from an EGFP rat. (A and B) FSC-EGFP
charts of bone marrow. (C and D) FSC and
SSCof the circled regionsin (A) and (B) were
shown in (C) and (D), respectively. Bone mar-
row preparation from EGFP rats also pro-
vides EGFP~ signals, which may be due to
enucleated mature erythrocytes and/or acci-
dental loss of EGFP fluorescence during the

FSC

on collagen type IV-coated dishes, wild-type bone mar-
row cells that did not attach to collagen type I but at-
tached to collagen type IV were cocultured to support
EGFP* Hoechst®¥fside population cells. In our previ-
ous experience, the bone marrow cells that do not at-
tach to collagen type I but attach to collagen type IV
yield Thyl™* desmin®-stellate cells in vitro. The Thyl**
desmin*-stellate cells could be considered as mesangial-
like cells because they contracted in response to an-
giotensin T1 [15]). Consistently, also in thisstudy, Thy1*-or
desmin*-stellate cells were obtained in the mixed culture
but they were EGFP~ (Fig. 6). Therefore, it is unlikely
that EGFP* Hoechst!®"/side population cells contributed
to the formation of Thylt- or desmin™-stellate cells in
vitro,

DISCUSSION

First, we have identified the existence of Hoechst!o%/
side population cells in adult rat kidney, and most of them
were healthy in that they were propidium iodide negative.
These cells expressed ABCG2 or MDRI1, which were
thought to be fundamental for Hoechst¥/side popula-
tion phenotype [22, 23]. When these cells were analyzed
with immunocytochemistry, RECA1-positive cells were

procedure. FSC, forward scatter; SSC, side
FSC scatter.

not enriched. As to aquaporin 2, however, more number
of cells were positively stained in Hoechst'°¥/side popu-
lation cells than in the collagenase-digested whole kidney
cells. But its enrichment ratio is very slight and the pos-
itively stained Hoechst!®¥/side population cells counted
is inevitably small in number; therefore, it is difficult to
state that aquaporin 2-positive cells are significantly en-
riched in the kidney-derived Hoechst'“*/side population
cells. Since RECAL is expressed in endothelial cells and
aquaporin 2 is expressed in collecting duct of the kid-
ney [24], kidney-derived Hoechst?**/side population cell
isnot an enriched population of endothetial specific cells
or renal specific cells.

Second, bone marrow cells were apparently included
in the Hoechst®%/side population fraction of the kidney.
However, more number of the Hoechst'**/side popula-
tion cells in the kidney might be derived from bone mar-
row than the number estimated from the scattergram
in Figure 2 (10%), because the bone marrow of the re-
cipient wild-type rats into which EGFP* bone marrow
cells were transplanted still carries approximately 20% of
EGFP-negative cells [14]. The turnover of tissue-resident
bone marrow—derived cells takes time that depends on
types of tissues [25], which might also make us under-
estimate the contribution of EGFP' bone marrow cells
to the Hoechst'®¥/side population cells in the kidney. It
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is not that simple to estimate the contribution of bone
marrow cells to the Hoechst'®/side population cells in
the kidney through CD45 staining, because surface mark-
ers such as CD45 are fragile to protease treatment. It is
noteworthy that EGFP* cells that are derived from the
transplanted bone marrow were also included in the non-
Hoechst!°¥/side population region, indicating that bone
marrow provides kidney with various types of cells such
as non-side population cells.

Finally, kidney-derived Hoechst'¥/side population
cells were proved to include the cells that differenti-
ate into hematopoietic lineage, skeletal muscle, and/or
liver when injected intravenously. Therefore, multipo-
tent stem cells both for blood cells and for organs such
as skeletal muscle and liver might be able to circulate
and lodge in peripheral organs. However, intravenous ad-
ministration of the kidney-derived Hoechst'®¥/side pop-
ulation cells neither led to apparent engraftment to the
kidney nor produced any renal cells in vivo. No glomeru-
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Fig. 4. Immunohistochemical analysis of
skeletal muscle and liver of side population-
transplanted rats, Merged fluorescence
images are shown (x400, original magnifi-
cation). Enhanced green fluorescent protein
(EGFP) provides bright green. (A} Skeletal
muscle from a side population-transplanted
rat, (B) Skeletal muscle from a wild-type rat.
Skeletal muscle is stained with antilaminin
antibody followed by Texas Red—conjugated
secondary antibody (red). (C, E, F and G)
Liver from a side population-transplanted
rat. {D and H) Liver from a wild-type rat. In
(C) and (D), liver was stained with anti-CDD45
antibody followed by Texas Red-conjugated
secondary antibody (red). Asrow in (C)
indicates a cell which expresses EGFP in a
cytoplasmic pattern. (E) EGFP fluorescence
is observed (green). {F) Liver was stained
with purified IgG fraction of polyclonal rabbit
antiserum to rat albumin followed by Texas
Red—conjugated secondary antibody ({red).
(G) Merged image of (E) and (F). (H) Wild-
type rat’s image equivalent to (G). Nuclei are
stained with 4'6-diamidino-2-phenylindole
(DAPI) (blue) except in (E).

lar mesangial cells were produced and induced not only
in the in vivo model even after the induction of Thyl
nephritis in the side population-transplanted rats, but
also in an in vitro culture system under which bone mar-
row cells on collagen type IV give rise to mesangial-
like cells. In the proximal tubular epithelial cells of the
side population-transplanted rats, bright EGFP fluores-
cence was observed in a granular pattern. This makes
a sharp contrast to the homogeneous cytoplasmic pat-
tern of EGFP driven by a hybrid promoter composed of
chicken p-actin promoter and cytomegalovirus enhancer
[14]. It is most likely that EGFP coming out of broken
EGFP" cells were filtered through glomeruli, and then
taken up by the tubular epithelial cells because EGFP
is a hydrophilic protein with a molecular weight of 27
kD [26]. Even after the induction of gentamicin nephro-
toxicity to side population-transplanted rats, no EGFP*
tubular epithelial cells were observed. In other words,
transplanted cells were engrafted neither as tubular
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Fig. 5. Kidney of side population-
transplanted rats and bome marrow-
transplanted rats, Fluorescence images of
kidoeys that are derived from wild-type
rats, side population-transplanted rats or
bone marrow-transplanted rats are shown.
(A) Wild-type rats. (B, C, D, E, and G)
Side population-transplanted rats, (H, I
and J) Bone marrow-transplanted rats. (B,
C, and D) Kidoey from side population—
transplanted rats without Thyl nephritis
or gentamicin-induced nephropathy. (E)
Kidney from side population-transplanted
rats 5 weeks after the induction of Thyl
pephritis. Green is enhanced green fluores-
cent protein (EGF), red is Thyl and blue
is 4’ 6-diamidino-2-phenylindole (DAPI).
(F) Kidney sections obtained from side
population-transplanted rats 5 weeks after
the induction of Thyl nephritis were stained
with periodic acid-Schiff (PAS). (G) Kidney
from side population—transplanted rats 4
to 8 weeks after the last administration of
gentamicin, Green is EGFF, red is laminin,
and blue is DAPL (H) Kidoey from bone
marrow-transplanted rats 4 weeks after the
last administration of gentamicin. Green
is EGFP, red is Tamm-Horsfall protein,
and blue is laminin. (I) Kidney from bone
marrow-transplanted rats 4 weeks after the
fast administration of gentamicin. Green is
EGPF?, red is laminin, and blue is DAPL (J}
Magnification of the lower right area of (I).
Arrows in (H, 1, and J) indicate cells which
express EGFP in a cytoplasmic pattern.
(K) Kidney sections obtained from side
population-transplanted rats 4 to 8 weeks
after the last administration of gentamicin
were stained with PAS [original magnification
(A and B) x100; (C to K) x400].

Fig. 6. Culture of kidney-derived
Hoechst®"fside population cells. En-
hanced green fluorescent protein (EGFP)*
kidney-derived Hoechst'®*/side population
cells were cocultured with wild-type bone
marrow cells that were preplated on collagen
type 1 as described in the Methods section.
The cells were fixed and stained as follows
(x400). (4) EGFP fluorescence of the
culture (green). (B) Thyl was stained with
anti-Thyl antibody in combination with Texas
Red—conjugated antibody (red). (C} The
merged image. {D) EGFP fluorescence of
the culture (green). (E) Desmin was stained
with antidesmin antibody im combination
with Texas Red—conjugated antibody (red).
(F) The merged image. Nuclei are stained
with 4',6-diamidino-2-phenylindole (DAPI)
(blue). Only a trace amount of green fluores-
cence was sometimes observed within a cell,
but it is unlikely that the signal was derived
from EGFP transcribed and translated by the
celf itself

epithelial cells nor as mesangial cells. In consideration of ~ for mesangial cells and renal epithelial cells seem to be
the fact that bone marrow—derived cells can differentiate  distinct from the Hoechst'®¥/side population cells in the
into tubular epithelial cells as we and other researchers  kidney. Further experiments need to be done to answer

have confirmed {27, 28], circulating precursor/stem cells  this question.
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No contribution of the kidney-derived Hoechst'®¥/side
population cells to the kidney might be interpreted in
the following way. The first causative possibility is that
the transplanted Hoechst'*/side population cells were
small in number. In our previous bone marrow trans-
plantation experiment where 1 x 10°® bone marrow cells
were transplanted to a recipient, many bone marrow-
derived cells existed outside of the capillaries in the in-
terstitium of the kidney [14, 29]. Given that bone marrow
has approximately 0.05% of Hoechst®¥/side population
cells (our unpublished result), it falls that 50,000 bone
marrow—derived Hoechst'®¥/side population cells were
transplanted along with other types of cells. In contrast,
the number of the kidney-derived Hoechst!*¥/side popu-
lation cells transplanted in this experiment was approx-
imately 3000 to 8000, which might lead to the mere
detection failure in the limited number of histologic eval-
uations. This number of Hoechst**/side population cells,
however, was technically maximum because collection
and transplantation of 5000 Hoechst'*¥/side population
cells required about 15 hours in all. The second possi-
bility is that collagenase treatment of the kidney might
disrupt cell surface molecules that are crucial for the spe-
cific adhesion of Hoechst®*/side population cells to the
kidney.

It was recently reported that two or more embryonic
stem cells can fuse in vitro and yield onec mononuclear
cell that acquire a mixed phenotype derived from each
single cell [30, 31]. Because skeletal muscle is physiolog-
ically composed of multinucleated cells that are formed
mainly by cell fusion not by undivided proliferation [32]
and because liver gets fused and multinucleated in re-
sponse to a certain stimulation such as chloroprocaine, a
local anesthetic [33], these two organs may be innately
programmed to fuse. Therefore, the differentiation of
the kidney-derived Hoechst'**/side population cells into
skeletal muscle and liver might be accepted as an event
of “cel! fusion.” If it is the case in our results, it is possible
that the kidney-derived Hoechst'®¥/side population cells
simply comprise hematopoietic stem cells. On the other
hand, according t6 one report, hematopoietic stem cells’
differentiation into glomerular mesangial cells was not
due to the celi fusion [34}. In order to answer the ques-
tion of cell fusion, we are trying to tag and trace recipient
cells and donor cells simultanecusly.

In discussing the differentiation potentials especially
toward hematopoietic lineages from kidney-derived
Hoechst!®¥/side population cells, what we have to con-
sider is the contamination of circulating peripheral blood
cells. Donor kidneys, however, were well perfused prior
to the preparation of Hoechst®*/side population cells.
DAPI-positive roundly nucleated cells other than flatly
nucleated endothelial cells were not detected within the
RECA1-positive vascular lumen, and no erythrocytes or
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nucleated cells were observed within the vascular lu-
men in hematoxylin and eosin stained sections {data not
shown). These indicate that peripheral blood cells were
mostly cleared away. Besides, Hoechst**/side population
cells could not be obtained from kidney when the cell
suspension was prepared in the absence of collagenase
digestion following the perfusion of kidneys with PBS
containing 0.9 mmol/L of Ca?* and 0.33 mmol/L of Mg?*,
or with PBS containing 200 pg/mL of ethylenediaminete-
traacetic acid (EDTA) (data notshown}. Necessity of col-
lagenase digestion strongly suggests that Hoechst'®¥/side
population cells are entangled in the surrounding matrix
orstructures, not existing free from the surrounding struc-
tures. If one of the common features of stem cells is the
side population phenotype, peripheral blood hematopoi-
etic stem cells are likely to be also detected in the side
population fraction, but nonexistence of Hoechst®¥/side
population cells when kidney cell suspension was pre-
pared without collagenase digestion also confirmed the
absence of the circulating peripheral blood hematopoi-
etic stem cells in the transplanted kidney-derived
Hoechst'*%/side population cells. In short, there was lit-
tle commitment of circulating peripheral blood cells to
engraft toward bone marrow, skeletal muscle, or liver.
However, as was revealed in a report that muscle-derived
hematopoietic stem cells are hematopoietic in origin [8],
these kidney-derived Hoechst®¥/side population cells
which are committed to hematopoietic lineage might be
originally hematopoietic cells, indicating that we cannot
exclude a possibility that hematopoietic stem cells con-
stitutively lodge in the kidney as a part of it. In order to
answer this question, further investigation is necessary.

CONCLUSION

The Hoechst®¥/side population cells that show
hematopoietic and mesenchymal potentials were identi-
fied in the adult rat kidney, but did not contribute to any
renal components in vivo or in vitro. Supposedly, it seems
that mesenchymal phuripotent cells directed torenal com-
ponents such as mesangial cells and tubular epithelial
cells belong to non-Hoechst'*¥/side population fraction
if they reside in the kidney.

ACKNOWLEDGMENTS

We thank Dr. Margaret A. Goodell (Baylor College of Medicine,
Houston, Texas) and Mr. Brian Newsom (Baylor College of Medicine)
for technical advice. We also thank Dr. Seiichi Matsuo (Nagoya Uni-
versity, Japan) for providing mouse anti-Thyl monoclonal antibody
{OX-7), Eisai Co,, Ltd. for providing verapamil, and Novartis Pharma
KK. for providing cyclosporine A. We also thank Kenji Yoshida,
Koujirou Nakamura {Osaka University Research Institute for Micro-
bial Diseases, Osaka, Japan) and Becton Dickinson for technical assis-
tance toward FACS Vantage.

This research was supported by a Grant-in-Aid for Scientific Re-
search from the Ministry of Education, Science and Culture, Japan, and
by a grant from Takeda Medical Research Foundation.



1614

Reprint requests to Takahito Ito, M.D., Department of Internal

Medicine and Therapeutics, Osaka University School of Medicine, Box
A8, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan.
E-mail: taka@medone med. osaka-u.ac.jp

REFERENCES

1
2.
3

10.
11,
12
13.

14,

15.

16.
17.

Gace FH: Mammalian neural stem cells. Science 287:1433-1438,
2000

Gace FH, Ray J, Fisuer LY: Isclation, characterization, and use of
stem cells from the CNS. Annu Rev Newrosci 18:159-192, 1995
Potten C8, LoerrLER M: Stem cells: Attributes, cycles, spirals, pit-
falls 2nd uncertainties. Lessons for and from the crypt. Development
110:1001-1020, 1990

. DymM: Spermatogonial stem cells of the testis. Proc Natl Acad Sci

USA 91:11287-11289, 1994

. S16aL SH, BriLL §, Fiormo AS, Rem LM: The liver as a stem cell

and lineage system. Am J Physiol 263:G139-(G148, 1952

. Lavker RM, MILLER §, WiLsoN C, et el Hair follicle stem cells:

Their location, role in hair cycle, and involvement in skin tumor
formation. J Invest Dermatol 101:165-268S, 1993

. Jackson KA, M1 T, GoopeLe MA: Hematopoietic potential of stem

cells isolated from murine skeletal muscle. Proc Natl Acad Sci USA
96:14482-14486, 1999

. McKmNEY-Freeman SL, Jacksow KA, Camarao FD, et al- Muscle-

derived hematopoietic stem cells are hematopoietic in origin, Proc
Narl Acad Sci USA 99:1341-1346, 2002

. Biornson CR, RIETZE RL, REYNOLDs BA, et af: Turning brain into

blood: A hematopoietic fate adopted by adult neural stem cells in
vivo. Science 283:534-537, 1999

BarTLETT PF: Pluripotential hemopoietic stem cells in adult mouse
brain. Proc Natl Acad Sci USA 79:2722-2725, 1982

GaLu R, BoreLio U, Gri A, ef al: Skeletal myogenic potential of
human and mouse neural stem cells. Nat Neurosci 3:986-991, 2000
Tsat RY, McKay RD: Cell contact regulates fate choice by cortical
stem cells. J Neurosci 20:3725-3735, 2000

F1oReTTO P, STEFFES MW, SUTHERLAND DE, et 2l: Reversal of lesions
of diabetic nephropathy after pancreas transplantation. N Engl J
Med 339:69-75, 1998

Ito T, Suzuxl A, IMat E, e al: Bone marrow is a reservoir of re-
populating mesangial cells during glomeruvlar remodeling. J Am Soc
Nephrol 12:2625-2635, 2001

Suzura A, Iwatant H, Ito T, ef al: Platelet-derived growth factor
plays a critical role to convert bone marrow cells into glomerutar
mesangial-like cells. Kidney Inr 65:15-24, 2004

Wirson JM: Round two for liver gene therapy. Nat Genet 12:232~
233,199

Goopsrr MA, Brose K, PARADIS G, et al: [solation and functional
properties of murine hematopoietic stem cells that are replicating

18.

15.

20.

2L

22,

23

24.

25.

26,

27.

28,

29.

30.

31
32,
33
34

Iwatani et al: Kidney-derived side population cells

in vivo. J Exp Med 183:1797-1806, 1996

Goopert MA, Rosenzweic M, K H, ef afl: Dye efflux studies sug-
gest that hematopoietic stem cells expressing low or undetectable
levels of CD34 antigen exist in multiple species, Nat Med 3;1337-
1345, 1997

Jackson KA, Matka SM, WaNG H, ef al: Regeneration of ischemic
cardiac muscle and vascular endothelium by adult stem cells. J Clin
Invesr 107:1395-1402, 2001

Gussont E, Sonecka Y, STRICKLAND CD, et al: Dystrophin expres-
sion in the mdx mouse restored by stem cell transplantation. Narure
401:390-394, 1999

HoucnaToNn DC, HARTNETT M, CAMPBELL-BOSWELL M, et al: A light
and electron microscopic analysis of gentamicin nephrotoxicity in
rats. Am J Pathol 82:589-612, 1976

Znou 8, Sciuetz JD, Bunting KD, et al: The ABC transpotter
Berpl/ABCG2 is expressed in a wide variety of stem cells and is a
molecular determinant of the side-population phenotype. Nat Med
7:1028-1034, 2001

ScHarRENBERG CW, Harkey MA, Torok-STore B: The ABCG2
transporter is an efficient Hoechst 33342 efflux pump and is prefer-
entially expressed by immature human hematopoietic progenitors.
Bilood 99:507-512, 2002

NIELSEN S, FROKIAER J, MARPLES D, ef al: Aquaporins in the kidney:
from molecules to medicine. Physiol Rev 82:205-244, 2002
KenNEDY DW, ABkowrrz JL: Kinetics of central nervous system mi-
croglial and macrophage engraftment: Analysis using a transgenic
bone marrow transplantation model. Blood 90:986-993, 1997
PrasHER DC, ECkeENRODE VK, WARD WW, et al: Primary structure
of the Aequorea victoria green-fluorescent protein. Gere 111:229~
233,1992

PoursoM R, Forses SJ, HoprvaLa-DiLke K, ef al: Bone marrow con-
tributes to renal parenchymal turnover and regeneration. J Patho!
195:229-235, 2001

Krause DS, THEIsE ND, CoLLECTOR MI, et al: Multi-organ, multi-
lineage engraftment by a single bone marrow-derived stemcell. Celf
105:369-377, 2001

Ito T, Suzuxi A, Orase M, et al: Application of bone marrow-
derived stem cells in experimental nephrology. Exp Nephrol 9:444—
450, 2001

TeraDA N, Hamazaxt T, Oxa M, et al: Bone marrow cells adopt
the phenotype of other cells by spontaneous cell fusion. Nature
416:542-545, 2002

Yme QL, NichoLs J, Evans EP, Svim AG: Changing potency by
spontaneous fusion. Nature 416:545-548, 2002

ALLENDL, Roy RR, EncerToN VR: Myonuclear domains in muscle
adaptation and disease. Muscle Nerve 22:1350-1360, 1999
Seravaul EP, Lear E, CotrreLL JE: Cell membrane fusion by
chloroprocaine. Anesth Analg 63.985-990, 1984

Masuva M, Drake CJ, FLEMING PA, et al: Hematopoietic origin of
glomerular mesangial cells. Blood 101:2215-2218, 2003



Avallable online at www.sciencedirect.com

science (Gomzore

Biochemical and Biophysical Research Communications 325 (2004) 961-967

BBRC

www.clsevier.com/locate/ybbre

Fetal cells in mother rats contribute to the remodeling of liver
and kidney after injury

Yu Wang, Hirotsugu Iwatani, Takahito Ito*, Naoko Horimoto, Masaya Yamato,
Isao Matsui, Enyu Imai, Masatsugu Hor

Department of Internal Medicine and Therapeutics, Osaka University School of Medicine, Suita, Osaka, Japan

Received 5 October 2004
Available online 5 November 2004

Abstract

Fetal microchimerism indicates a mixture of cells of maternal and fetal origin seen in maternal tissues during and after pregnancy.
Controversy exists about whether persistent fetal microchimerism is related with some autoimmune disorders occurring during and
after pregnancy. In the current experiment, an animal model in which EGFP positive cells were taken as fetal-origin cells was designed
to detect the fetal microchimerism in various maternal organs. Ethanol drinking and gentamicin injection were adopted to induce liver
and kidney injury simultaneously. EGFP positive cells were engrafted not only in the maternal circulation and bone marrow, but also
in the liver and kidney as hepatocytes and tubular cells, respectively. These results indicate that fetal cells are engrafted to maternal
hematopoietic system without apparent injury and they also contribute to the repairing process of maternal liver and kidney.

© 2004 Elsevier Inc. All rights reserved.
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Microchimerism has been defined as a chimera of
small number of cells from different individuals coexis-
ting within tissues. It has been known for many years
that there is a bi-directional traffic of maternal cells
and fetal cells through the placenta during pregnancy.
Fetal microchimerism indicates a mixture of cells of
maternal and fetal origin seen in maternal tissues during
and after pregnancy. It has been shown that fetal micro-
chimerism persists in some women for more than 27
years after delivery [1,2]

The recognition that fetal cells pass into the maternal
circulation and persist for many years has aroused a
question of whether or not persistent fetal microchime-
rism may trigger a maternal immune reaction resulting
in what appears to be an autoimmune disorder, because
microchimeric fetal cells are semiallogenic to the
maternal immune system. Therefore, many studies have

* Corresponding author. Fax: +81 6 6879 3639,
E-mail address: taka@medone.aned.osaka-u.ac.jp (T. Ite).

0006-201X/$ - see front matter @ 2004 Elsevier Inc. All rights reserved.
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focused on the association between fetal cell microchim-
erism and subsequent development of autoimmune
diseases, especially those having features of chronic
graft-versus-host disease, such as systemic sclerosis
(5Sc¢) [3-7], Sjogren’s syndrome (SS) (8,9], primary bili-
ary cirrhosis (PBC) [10], and autoimmune thyroid dis-
eases {(AITD) {11,12]. These autoimmune diseases have
a predilection for women with childbearing age and often
initiate or exacerbate after pregnancy. Although fetal
cells are found in the local lesion of these dissases and
may react with stimulation by maternal cells when sepa-
rated and cultured in vitre [13), there is still a controversy
about the hypothesis that fetal microchimerism may be
the cause of the disease since fetal microchimeric cells
are also found in tissues from patients with non-antoim-
mune diseases such as chronic hepatitis [14] or found in
tissues from control subjects with the same frequencies
as from patients with autoimmune diseases [4,7]. It is
possible that the accumulation of fetal cells in the local
lesion may be due to the response to tissue injury and
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therefore it may be the consequence rather than the cause
of the disease.

Alternatively, there is another possibility that fetal
microchimerism might have a beneficial effect on the
host rather than a detrimental effect. Srivatsa et al.
[11] found fully differentiated thyroid follicle formed
by male fetal cells closely attached to and indistinguish-
able from the rest of the tissue in the thyroid specimen of
one female patient with goiter. The possibility that a fe-
tal stem cell could be transplanted and engrafted in the
maternal thyroid to form mature thyroid follicles is
plausible since several studies have shown that intrave-
nously transplanted hematopoietic stem cells can mi-
grate to sites such as muscle and liver, and be
engrafted to the host organs [15-17].

As to the strategy used in the identification of fetal
microchimerism in human, male cell markers have been
adopted in most studies because of its simplicity. But it
is important to note that fetal microchimerism is derived
not only from male fetus but also from female fetus.
Using male genetic markers might bring deviations to
the results of the study.

Therefore, in this study, we have designed an animal
model for fetal microchimerism detection where EGFP
is set as the marker of fetal-origin cells in the maternal
tissues. With this model, we have investigated the fetal
cell residence in various maternal tissues.

Materials and methods

Animals. Male transgenic Sprague-Dawley rats carrying the en-
hanced green fluorescent protein (EGFP) transgene {EGFP rat) and
fernale Sprague-Dawley (SD) rats were purchased from Japan SLC
(Hamamatsu, Japan). All rats were maintained at the animal facility of
Osaka University School of Medicine. They were allowed to get free
access to standard laboratory diet and tap water. The female rats
weighing 250-300 g were subjected to the following experiment, All the
procedures described here were approved by the Animal Committee of
Osaka University School of Medicine.

Animal model of microchimerism and the subsequent induction of fiver
and renal tubular injury. After mating with a single EGFP male rat and
the subsequent delivery of babies, a single SD female rat was kept alone
in a cage and burdened with simultanecus liver and renal tubular injury,
Ethanol was used to induce chronic liver injury with a method modified
from Carmiel-Haggai's report [18]. Gentamicin administration was
adopted to evoke gentamicin-induced nephropathy [19,20] The post-
partum rats were supplied with drinking water containing 5% of ethanel,
without any free accass to automatic tap water. The period of ethanol
drinking lasted for at least 30 days. The body weight and the amount of
the ethanol-containing water drunk by each female rat were recorded
everyday to calculate the ethanol taking dosage. At the same time, these
postpartum rats received 60 mg/kg/day of gentamicin (Sigma, St. Louis,
MO) by subcutansous injection for 14 consecutive days after the delivery
of babies. The same procsdure was repeated after a 2-week interval.

Flow cytometric analysis of mononuclear cells in peripheral blood.
The postpartum rats wete anesthetized by intra-peritoneal adminis-
tration of pentobarbital and sacrificed after two cycles of gentamicin
injection. Peripheral blood was taken via abdominal aorta and kept in
the tube rinsed with heparin in advance. One milliliter of the peripheral
blood was set aside for the assay of blood chemistry as described later.

Ficoll density separation combined with NH,Cl-lysis method was
adopted to collect mononuclear cells from the peripheral bloed. In
brief, 2 ml of the peripheral blood was carefully overlaid on 5ml of
Lymphoprep (Axis-shield PoC AS, Oslo, Norway) and centrifuged at
800g for 20 min at room temperature. After the centrifuge, a cell
fraction, located at the interphase, was collected and washed twice
with phosphate-buffered saline (PBS)/2% fetal calf serum (FCS). Then
the pellet was resuspended with 0.5 ml PBS/2% FCS and then 7.5ml
of lysis solution [8.26 g/l NHLC! /l1.0g/L KHCO; /0.037g/L
EDTANaysHCl (pH 7.4)] was added. After gentle mixing, it was in-
cubated at room temperature for 5 min and then centrifuged at 300g for
S5 min at room temperature. The pellet was washed with PBS/2% FCS
twice and resuspended with 0.5 ml PBS/2% FCS. Then the sample was
subjected to flow cytometric analysis by FACScan (Becton-Dickinson,
San Jose, CA, USA). The mononuclear cells in the peripheral blood of
EGFP rats and wild type rats were collected in the same manner and
were set as positive and negative controls, respectively.

Flow eytometric analysis of bone marrow ceils. The postpartum rats
were anesthetized and sacrificed as described above. The bone marrow
cells were collected by flushing the tibia and femur with ice-cold hep-
arinized PBS/2% FCS and filtered through 70 pm nylon mesh. After
the wash, the cells were resuspended with 2 ml PBS/2% FCS and
subjected to flow cytometric analysis.

Measurement of plasma creatinine, BUN, ALT, and AST, Periph-
eral blood was taken via aorta as described above. Plasma was sepa-
rated from 1 m! of whole blood by centrifuge at 300g for 5 min at 4 °C.
Creatinine (Cr), blood urea nitrogen (BUN), aspartate aminotrans-
ferase (AST), and alanine aminotransferase (ALT) were measured by
using appropriate biochemical methods in & commercial laboratory
(SRL, Tokyo, Japan).

Tissue preparation. After blood sample was taken via aorta, organs
including kidney and liver were thoroughly perfused through the aorta
with ice-cold PBS followed by 4% paraformaldehyde (PFA)/PBS before
harvest. The organs were harvested and fixed in 4% PFA/PBS for 6 hat
4 °Cin the dark and further in 30% sucrose/PBS overnight at4 °C in the
dark. After that, the tissues were embedded in QCT compound (Sakura
Finetechnical, Tokyo, Japan) and kept at —80 °C for cryostat sections.

Immunohistochemistry of fixed frozen samples. Immunohistochem-
ical analysis of frozen sections was performed as described previously
{19} In brief, for albumin staining of the liver, 4-pm fixed frozen sec-
tions were incubated with normal goat serum for 30 min first and then
with purified IgG fraction of polyclonal rabbit antiserum to rat albu-
min (Accurate Chemical and Scientific Corporation, Westbury, NY,
USA)for 1 h at room temperature. The sections were washed with PBS
three times, were incubated with Texas red-conjugated anti-rabbit IgG
antibody (Vector Lab, Burlingame, CA, USA) for 30 min at room
temperature, and were washed with PBS three times. The nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI} (Molecular
Probes, Eugene, OR, USA) for 3 min at room temperature and then
washed with PBS three times. Finally, the sections were mounted with
YECTASHIELD Mounting Medium (Vector Lab, Burlingame, CA,
USA) and observed under a fluorescence microscope (Nikon Eclipse
E600) (Nikon, Tokyo, Japan} with appropriate filters. All images were
captured by a digital imaging system conunected to a Macintosh com-
puter. For laminin staining of the kidney, the procedure was the same
except that rabbit anti-laminin antibody (Monosan, Uden, The
Netherlands) was used as a primary antibody.

Results

Existence of EGFP positive cells in maternal peripheral
blood

As mentioned in Materials and methods, EGFP posi-
tive cells were regarded as the fetal cell origin and were
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used as the marker of fetal microchimerism in our exper-
iment. When we analyzed the peripheral mononuclear
cells from wild type rats (Figs. lA-C) and EGFP trans-
genic rats (Figs. 1D-F), a distinct different pattern of

distribution was observed. The majority of the cells from
EGFP transgenic rats distributed over 200 on the EGFP
intensity scale which formed two sharp peaks while cells
from wild type rats distributed in the region less than
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Fig. 1. Flow cytometric analysis of peripheral mononuclear cells. (A-C) Peripheral blood from wild type rats as a negative control. (D-F) Peripheral
blood from EGEP transgenic rats as a positive control. (G-J) Peripheral blood from rats treated with gentamicin and ethanol. {A,D,G} The FSC-
SSC chart. (B,E,H) The FSC-EGFP chart. (C,F,I} The histogram of EGFP. (J) The FSC-S3C distribution of cells in the R1 region of (I). The
distribution pattern indicates that EGFP intensity 200 might be set as the cut-off point to distinguish EGFP positive cells from negative cells. Some
cells in our treated rat distributed in the region over 200 on EGFP intensity scale (R1) are EGFP positive cells derived from fetus.
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200 on the EGFP intensity scale. This indicates that
EGFP intensity 200 might be set as the cut-off point
to distinguish EGFP positive cells from negative cells.
Based on this cut-off point, we found EGFP positive
cells existed in the peripheral mononuclear cells of our
treated rats (Figs. 1G-J).

Existence of EGFP positive cells in maternal bone marrow

Bone marrow cells prepared from the treated rats
were analyzed in the same manner as that used for
peripheral mononuclear cells. EGFP positive cells were
also found engrafted in the maternal bone marrow
(Figs. 2A-D). This indicates that fetal cells migrated
from the maternal circulation and resided in the bone
marrow in the absence of apparent injury to the bone
marrow.

Engraftment of EGFP positive cells in liver as hepatocytes

Table 1 shows the average amount of daily ethanol
consumption during the period of ethanol supply, and
the results of blood biochemistry of each rat. The aver-
age consumption of ethanol for each rat is over 4 mg/
kg/day which is enough to induce liver injury according
to Carmiel-Haggai’s report [18]. In accordance, the ALT
level of all 4 rats was elevated, which supported the exis-
tence of liver injury. When the frozen liver specimens
were observed under a fluorescence microscope directly,
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Fig. 2. Flow cytometric analysis of bone marrow cells from rats
treated with gentamicin and ethanol. (A) The FSC-SSC chart. (B) The
FSC-EGFP chart. {C} The histogram of EGFP. (D) The FSC-85C
chart of cells in the R1 region of (C). There are several cells distributed
in the region over 200 on EGFP intensity scale (R1) which are EGFP
positive cells originated from fetus.

Table 1
Ethanol consumption and blood chemistry of the rats treated with
ethanol and geotamicin

No. Average ALT AST Cr BUN
consumption  (IU/L) (IU/L) (mg/dL)  (mg/dL)
of ethanol
{g/kg BW/day)

1 4.3 36 64 0.43 25.2

2 9.1 36 122 0.31 28.7

3 6.7 63 239 091 531

4 7.7 42 151 0.21 29.4
Normal range 24+ 64 68+165 06011 1544254

The average consumption of ethanol for ¢ach rat is over 4 mg/kg/day
which is enough to induce liver injury. The ALT and BUN levels of the
4 rats were all elevated.

EGFP positive cells were found scattered in the liver
(Figs. 3A—C). The EGFP positive cells were also positive
to albumin (Figs. 3D-F), a marker of hepatocytes.
These results indicate that fetal cells contributed to
hepatocytes in the maternal injured liver.

Engraftment of EGFP positive cells in kidney as
tubular epithelial cells

As shownin Table 1, BUN levels of the 4 rats were all
elevated. We have already confirmed that gentamicin
nephropathy is a good medel for trapping circulating
tubular precursor cells in the bone marrow [19]. No
EGFP positive cells could be found in the glomeruli be-
cause cells expressing EGFP protein were detected with-
in the tubular basement membrane, indicating they were
tubular cells. These cells expressed EGFP in a cytoplas-
mic pattern, which excludes the possibility that we sim-
ply observed EGFP endocytosed from the circulation or
from the tubular fluid by tubular epithelial cells (Figs.
4A-D),

Discussion

Human fetal cells can be found in the maternal circu-
lation as early as 4-5 weeks of gestation and persist for
several decades after delivery [1,2) The results of the
current animal experiment prove the existence of fetal
cells in the rat maternal circulation which is in accor-
dance with the previous reports on human, and support
the notion that fetal microchimerism is a common phe-
nomenon associated with pregnancy in nature. Further-
more, the finding of fetal cells engrafted in maternal
bone marrow, liver, and kidney indicates that fetal cells
do not only exist in the peripheral circulation but also
mipgrate from the peripheral circulation and reside in
multiple maternal organs.

The majority of the studies on fetal microchimerism
have traced male DNA as a marker by PCR or FISH
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Fig. 3. Chimeric state of liver. (A) Wild type rat as a negative control; (B) EGFP rat as a positive control; (C-F) postpartum rat treated with
gentamicin and ethanol; {A,B,D) liver is stained with DAPL (DAPI, blue) (E} liver is stained with purified 1gG fraction of polyclonal rabbit
antiserum to rat albumin (AJbumin, red) (F) merged image of (D,E) and also an electronically magnified image of rectangle in (C). (Albumin, red;
DAPI, blue) arrow in (D) indicates cells which express EGFP in a eytoplasmic pattern. The same cell is pointed by arrow in {E,F). The cell pointed by
arrow in (F} is positive to both EGFP and albumin, indicating fetal-derived hepatocyte. Representative images are shown (400x, original

magnification).

Fig. 4. Chimeric state of kidney. (A) Wild type rat kidney as a negative
control; (B) EGFP rat kidney as a positive control; (C,D) kidney from
postpartum rat treated with gentamicin and ethanol. A letter G
indicates glomeruli. (A-D) Kidney is stained with with anti-laminin
antibedy and DAPL EGFP positive cells within the tubular basement
membrane in (C) are tubular cells, Laminin, red; DAPI, blue.
Representative images are shown [400x for (A,B) 600x for (C) 800x
for (D))

to detect microchimerism in those female hosts who
have given birth to or aborted sons. But when targeting
male DNA, the particular Y-chromosome sequence can
be important. Moreover, fetal cell microchimerism
would also exist in mothers who have given birth to
daughters but such microchimerism cannot be found
out as long as by tracing Y-chromosome. In our exper-
iment, we avoided such problems by mating wild type
female rats with EGFP transgenic male rats as employed
by Imaizumi’s report [21]. EGFP transgenic rats are
engineered to express enhanced green fluorescent pro-

tein {(EGFP) in all cells except for hair and red blood
cells, whose expression is driven by cytomegalovirus en-
hancer and chicken B-actin promoter [22]. Therefore, it
is convenient to recognize fetal microchimerism as the
EGFP positive cells in the wild type maternal tissues,
which can be easily detected by direct observation under
a fluorescence microscope regardless of the pender of
baby rats.

Chimeric fetal cells are semiallogenic to the maternal
immune system. The persistence of semiallogenic fetal
cells in maternal solid organs has created an interest in
the relationship between these fetal-origin cells and local
lesions of some autoimmune diseases with postpartum
onset andfor exacerbation. Most evidence comes from
the studies on $S¢, an autoimmune disease with a charac-
teristic of graft-versus-host disease and with a predilec-
tion for women in childbearing age. Nelson et al. [3]
found that the frequency of fetal cell microchimerism
in circulation was higher in §Sc patients than in healthy
controls. Artlett et al. [5] reported the same results and
also found fetal DNA and cells in skin lesions of SSc wo-
men. Ohtsuka et al. [23] reported the existence of signif-
icantly higher quantities of fetal DNA in their skin
lesions. Similar results have been reported by studies of
PBC and AITD. They suggest that fetal cells residing
in maternal organs might lead to the local inflammations
in such autoimmune diseases. However, Johnson et al. [4]
investigated the distribution of fetal cells in various or-
gans of SSc patients and proved that not only the affected
organs but also the organs without clinical phenotypes
had fetal cells. Johnson et al. [14] also reported the case
of fetal micrechimerism in liver of chronic hepatitis-C
patient which is not an autoimmune disease. Fetal cells
were also found in the specimen of non-autoimmune thy-
roid adenoma {11]. In our animal experiment, fetal cells
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were found engrafted not only in maternal bone marrow
which was kept intact throughout the experiment, but
also in liver and kidney to which injury was induced by
chemicals in a non-immunological manner. Thus, the
migration and residence of fetal cells in various maternal
organs might be 2 common phenomenon. What seems to
be an important factor for the existence of fetal micro-
chimerism in a certain organ could be the cell turnover
rate. Bone marrow has a rapid turnover, facilitating
engraftment of fetal cells without injury. In kidney or li-
ver, cell turnover is not as rapid as bone marrow [24],
However, in a state where organs are chronically injured
with whatever causes, it is likely that fetal microchimer-
ism is established more frequently and detected more eas-
ily than in normal physiological state. Given that the
accumulation of fetal cells in local lesions of autoimmune
diseases might result from changed profiles of inflamma-
tory factors and chemoattractants, inflammatory cells
including fetal-origin cells from other organs such
as bone marrow can be recruited to the local lesions.
Another possibility is in situ proliferation of already
engrafted fetal cells in the local lesions because the
fetal-origin cells had great power of proliferation under
local stimuli in vitro {13]. In our experiments, however,
we did not observe EGFP positive cells in non-injured
maternal organs {data not shown). Therefore, we assume
that recruitment from the circulation to injured organs is
the dominant mechanism for establishing chimeric liver
and kidney,

Several types of fetal cells have been demonstrated in
the maternal circulation during pregnancy, including
CD34" and CD347CD38% hematopoietic progenitor
cells [1], nucleated erythroblasts [25), trophoblasts [26],
and leucocytes [5]. Persistent fetal hematologic progeni-
tor cells have been detected in maternal peripheral blood
as long as 27 years after delivery in human. Fetal leuco-
cytes may play a role in the inflammatory process of the
autoimmune diseases. However, fetal progenitor cells
might bring different effects on the maternal body. We
found that fetal cells join the construction of the mater-
nal organs with the phenotypes which are indistinguish-
able from their maternal counterparts. Evidence from
the research on stem cells of bone marrow has proved
that the stem cells reside in the recipient’s organs after
transplantation and take part in the repair process of
the organs in response to injury [15-17]. In the current
study, fetal cells resided in the kidney as tubular cells
when gentamicin-induced nephropathy was evoked,
but no EGFP positive cells were observed in the glomer-
ular region. Gentamicin-induced nephropathy is an ani-
mal model of renal tubular injury, and we reported that
bone marrow-derived cells are engrafted in renal tubular
cells of this animal model [19]. We also reported that
intravenously transplanted kidney-derived side popula-
tion (SP) cells contributed to non-injured liver [19].
These results provide the clue that stem/progenitor cells

from fetal microchimerism may engraft liver, kidney,
and/or bone marrow, and may take part in the regener-
ation and reconstruction of renal tubules and/or hepato-
cytes after injury.

In conclusion, fetal cell microchimerism is a common
phenomenon observed in many females after pregnancy.
The fetal cells reside not only in the maternal circula-
tion, but aiso in bone marrow, and in liver and kidney
after injury. These fetal cells may take part in the repair
process of the maternal organ when injured or during
the rest of life even without injury.
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