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Abstract: Bone marrow-derived cells contribute to repair of injured tissue and to the maintenance of tissue homeostasis, but the extent to which perturbations of systemic homeostasis modulate this contribution is unknown.
Accordingly, hematopoietic chimeras were used to determine contributions of bone marrow-derived cells to hepatocytes, skeletal muscle myocytes, and cardiomyocytes in healthy young, healthy old, and young obese diabetic
mice. Mice with multiple genomic copies of a non-expressed β-globin/pBR322 sequence served as bone marrow
donors. Because detection of the integrated sequence does not involve gene expression and many copies of the
sequence are present, the sensitivity of detection is high and is not influenced by the state of cell differentiation.
Our data indicate that bone marrow contributes a significant fraction of hepatocytes in old and diabetic mice, but
half as many in young mice. They also show that bone marrow is a significant source of new cardiomyocytes at all
ages and that this contribution is unaffected by diabetes. Additionally we found that bone marrow makes a substantial contribution to skeletal myocyte replacement that decreases with age. In summary, bone marrow-derived
cells contribute significantly to normal non-hematopoietic cell replacement, a contribution that is altered by overall homeostatic state in a tissue specific manner. These data are significant if we are to understand if, and if so
how, bone marrow-derived cell dysfunction contributes to tissue damage and senescence.
Key words: Adult bone marrow stem cells, diabetes mellitus, aging, homeostasis, bone marrow cells, mice

Introduction
Numerous studies indicate that bone marrow
(BM)-derived cells can differentiate into or fuse
with non-hematopoietic cell types. Much of
this work, in adult animals, has centered on
BM-derived cell contributions to tissue repair.
Less attention has been paid to their role in
tissue homeostasis, with almost no consideration of how the systemic milieu might influence
their behavior. Considering that the US population is rapidly aging, and that diabetes is
epidemic, the influence of age and diabetes on
BM-derived cell contributions to hepatocytes,
skeletal myocytes, and cardiomyocytes are of
particular interest. The liver plays a crucial
role in maintaining homeostasis. It is among
the tissues most compromised by aging [1, 2].
Furthermore, liver dysfunction, Type 2 di-

abetes and obesity are strongly linked [3]. In
skeletal muscle, both aging and diabetes lead
to changes in cellular metabolism that result in
overproduction of reactive oxygen species [4,
5]. Aging also results in muscle loss and atrophy even when high activity levels are maintained [6, 7]. Heart function deteriorates in
both aging and diabetes, and though many of
these changes are due to extrinsic factors
such as hypertension and atherosclerosis,
myocardial dysfunction per se is also present
[5, 8-10].
Mice whose bone marrow (BM) has been replaced with BM cells whose fate can be
tracked, have made it possible to study the
integration of BM-derived cells into nonhematopoietic tissues. Using such chimeras,
we have demonstrated that ~10% of endo-
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thelial cells in neovessels that developed in
response to an injury were derived from BM
[11]. Others have reported the contribution of
BM to the endothelium in injured tissues ranging from less than 1% of endothelial cells to as
high as 26% of vessels containing BM-derived
cells [11-15]. In our earlier study, we also examined the role of BM cells in maintaining
homeostasis in the pre-existing vasculature
and found that ~1% of endothelial cells in
blood vessels were derived from the BM during
a 4-month period following BM transplantation.
Since our earlier study, other reports on the
role of BM cells in maintaining normal tissue
homeostasis, including the liver, heart, and
skeletal muscle have appeared. One examined the contribution of BM cells to the liver, and concluded that approximately 0.1% of
hepatocytes were BM-derived 2-3 months after
BM transplant in the absence of tissue injury,
and that there was no evidence of cell fusion
in the uninjured liver [16]. Two other reports
emphasized the lack of a significant contribution of BM cells to the oval cell compartment,
but are nevertheless consistent with a low level of BM cell contribution to hepatocytes
and/or oval cells. In the first study, after many
months of treatment to induce hepatocyte and
oval cell turnover, it was found that hepatocytes were predominantly not of BM origin,
and analysis of mice after secondary transplant indicated that <1% of liver repopulating
cells were of BM origin [17]. The second study
reported that 0.2%, and 0.1-0.7% of oval cells
were of BM origin in uninjured and injured liver, respectively [18]. Overall estimates of BM
contributions to the injured or transplanted
liver range from <1% to 62%, but rejection
status profoundly affects this number [19-23].
In skeletal and cardiac muscle, low levels of
BM cell contribution to the healthy muscle
have been reported, with no evidence of cell
fusion in uninjured cardiomyocytes, skeletal
myocytes, or hepatocytes, though it was observed in regenerating skeletal muscle [16]. A
report by La Barge and Blau indicated that BM
cells make a negligible contribution to uninjured skeletal muscle, but can contribute to
injured muscle, and do so by first moving into
the stem (satellite) cell niche and subsequently contributing nuclei to myofibers [24]. Estimates of BM-derived cardiomyocytes range
from 0% to 20% [15, 25-30]. Laflamme et al
reported an average of 0.04% host-derived
21

cardiomyocytes in transplanted hearts, but in
one patient with acute rejection, as many as
29% of myocytes in local “hot spots” were
host-derived [31].
Some investigators suggest that apparent
large contributions of BM cells to nonhematopoietic tissues are due to artifact. It is
possible, however, that the failure to detect
BM-derived cells in tissues is due to poor sensitivity. Down-regulation of reporter transgenes or selective removal of transgenic cells
may influence data, since even strain differences alter the expression of GFP transgenes
[32]. In addition to technical factors, physiological differences probably contribute to the apparently contradictory results. Age, proliferative state, and the source of the donor cells as
well as the methodology used to isolate and
transplant them can impact results [33].
Moreover, within a strain significant differences in physiological characteristics may affect
results. For example, we find that it is relatively simple to induce hindlimb ischemia in nu/nu
mice from one vendor, but not in mice from a
different vendor, and even mice from the
same colony housed in two different locations
exhibit different physiologic characteristics
within weeks of separation. Thus, variations in
the contribution of BM cells to tissues could
represent real physiological differences and
suggest that non-hematopoietic differentiation
of BM-derived cells is exquisitely sensitive to
perturbations of homeostasis.
In light of this, we investigated how the overall
physiologic state of an animal can influence
the ability of BM-derived cells to contribute to
tissue homeostasis by examining the extent of
BM cell differentiation and integration into
tissues of young adult, old, and young adult
obese diabetic mice maintained under identical conditions. Mice that carry multiple copies of β-globin/pBR322 sequences integrated
into their genome [34] served as BM donors
[11]. BM-derived cells can be identified after
non-isotopic in situ hybridization to the integrated pBR322 sequences by the presence of
an unambiguous dark nuclear dot. Because
detection does not involve gene expression,
possible effects of differentiation on marker
expression are avoided.
Materials and methods
Mouse strains and chimeras
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All animal procedures were approved by the
University of Iowa Institutional Animal Care
and Use Committee. Mice were all housed
and bred in the same room. C57BL/6Tg(ACTbEGFP)1Osb/J mice heterozygous for
ubiquitous expression of enhanced green fluorescent protein (EGFP) [35] were crossed with
C57BL/6.Tg(β-globin/pBR322) mice carrying
multiple copies of the β-globin/pBR322 gene
integrated into their genome at a single locus
[34]. F1 mice were backcrossed into
C57BL/6.Tg(β-globin/pBR322) mice to obtain
β-globin/pBR322+/+EGFP+/- mice. These mice,
which served as BM donors, carry the Ly 5.2
antigen and are congenic with B6.SJLPtrcaPep3b/Boy recipient mice who have the Ly
5.1 allotype [36]. The presence of Ly 5.2 made
it possible to distinguish donor from recipient
cells in the circulation, which is difficult to do
by in situ hybridization due to cell detachment
when probing blood smears. B6.Cg-m +/+
Leprdb recipients are obese and affected mice
become hyperglycemic at 1- 2 months and
progress to polyphagia, polydipsia, polyuria
and overt diabetes over time. The mice are
congenic with the donors and have the Ly 5.2
allotype, so assessment of blood chimerism
was performed using EGFP analysis only.
Young (2-3 mo) and old (20-24 mo) B6.SJLPtrcaPep3b/Boy (Ly 5.1+) mice or B6.Cg-m +/+
Leprdb (2-3 mo) mice were given 100mg/L
neomycin (Sigma) and 10mg/L polymyxin-B
sulfate (Sigma) in acidified water ad libitum for
one week, then whole-body irradiated at 6 Gy
and 4 hr later at 5 Gy to destroy their hematopoietic system. The BM of the irradiated mice
was reconstituted via tail vein injection of
1x107 freshly harvested whole BM cells. Cells
from young mice were injected into young mice
(n=5), from old mice into old mice (n=5), and
from young mice into diabetic mice (n=7).
Twelve weeks later mice were anesthetized
and an aliquot of blood removed for blood
smears for Ly 5.2 histocompatibility antigen
immunostaining (BD Pharmingen), or subjected to FACS sorting for EGFP expressing
cells, or both procedures to determine percent
chimerism. Next, mice were perfused with
PBS and hindlimb hamstring muscles (semitendonosus, biceps femoris, and semimembranosus muscles), liver, and heart were harvested and fixed with methyl Carnoys overnight
and then paraffin embedded. Tissue from
C57BL/6.Tg(β-globin/pBR322) and B6.SJLPtrcaPep3b/Boy mice were also collected as
positive and negative β-globin/pBR322 con22

trols, respectively.
Immunolabeling, in situ hybridization, and
morphometry
Sections were immunolabeled with biotinylated antibodies to laminin (rabbit polyclonal,
Sigma, St Louis) or desmin (mouse monoclonal, DAKO, Carpinteria, CA) for skeletal myocytes, CD45 (mouse monoclonal, clone 30F11, Pharmingen) for blood cells, desmin for
cardiomyocytes, and hepatocyte specific antigen (mouse monoclonal, Cell Marque, Hot
Springs, AK) for hepatocytes. Antibodies were
detected by incubation with horseradish peroxidase-conjugated streptavidin (Vector Laboratories, Burlingame, CA) followed by detection
with Vector Red (Vector Laboratories). In skeletal muscle, myocytes were identified as large
striated cells surrounded by anti-laminin staining. Nuclei within the laminin rings were
counted as myocyte nuclei. In other sections,
large striated CD45 negative cells were
counted as skeletal muscle myocytes. In the
heart, large cells with striations, whose nuclei
were surrounded by a small region of clear
cytoplasm, and that were CD45 negative or
desmin positive, were counted as cardiomyocytes. Hepatocyte-specific antigen positive
cells with large round nuclei surrounded by
extensive cytoplasm were considered to be
hepatocytes. Potential Kupffer cells were
identified as CD45 negative cells with oval
shaped nuclei.
Immunolabeling was followed by non-isotopic
in situ hybridization with a digoxygenin-labeled
(Roche, Indianapolis, IN) pBR322 (New England BioLabs, Beverly, MA) probe and detection with 2,2’-diaminobenzidine as described
[11]. Only cells with visible nuclei were
counted. Nuclei were examined under high
power and both the total number of hepatocytes, cardiomyocytes, and skeletal muscle
myocytes and the number of each cell type
positive for the pBR322 probe (i.e., brown nuclear dot) was counted. Five to fifteen 4 mm
sections from different regions of each tissue
were analyzed and 1200-3100 nuclei were
counted for each tissue in each mouse. The
corrected percent of blood-derived cells
(%BMcor) was computed using the formula:
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Where: False negative correction = Labeled
nuclei / All nuclei in C57BL/6.Tg(β-globin/
pBR322); Chimerism = (Ly5.2+PBMC or
EGFP+PBMC) / Total PBMCs; PBMC = peripheral blood mononuclear cell.
Y chromosome in situ hybridization
Sections (5 µm) of liver, heart, and skeletal
muscle were deparaffinized, incubated in 8%
sodium thiocyanate (10 min at 80ºC), washed
in PBS, digested with 4 mg/ml pepsin in 0.1M
HCl (10 min at 37ºC), then quenched in 0.2%
glycine in 2X PBS. After 10 min post-fixation in
4% paraformaldehyde, tissues were washed
and dehydrated through graded alcohols. Biotinylated Y chromosome paint (Open Biosystems, Huntsville, AL) was applied to sections,
then denatured for 10 min at 60ºC and hybridized overnight at 37ºC.
Sections were
washed 5 min each in 50% formamide in 2X
SSC at 37ºC three times and then three times
in 2X SSC. Finally, sections were washed in
0.05% Tween-20 in 4X SSC at 37ºC for 10 min
and rinsed in PBS. Sections were incubated in
a 1:200 dilution of Alexa 488 streptavidin (Molecular Probes, Eugene, OR) for 1 hour at room
temperature to visualize the probe. Sections
were DAPI stained and coverslipped.
Sections were imaged using confocal microscopy with Z scan capture at 0.3 µm increments. Individual nuclei were examined
throughout the entire nucleus to detect Alexa
488 labeled chromosomes. The number of
positive signals per nucleus in at least 1000
nuclei per tissue was determined. Only labeled chromosomes in nuclei for which the
entire nucleus could be visualized were
counted.
Statistical analyses were performed for each
tissue by One-way ANOVA followed by a Tukey's
HSD post-hoc analysis for multiple simultaneous comparisons. P< 0.05 was considered
statistically significant.
Results
Chimera characteristics
Percent hematopoietic chimerism was determined for all mice by either FACS analysis for
EGFP fluorescence or Ly5.2 staining. Both
EGFP and Ly5.2 staining were done for some
mice, and results were similar for each approach. Overall, blood chimerism ranged from
23

46 to 89% (mean 67.2 + 5.3%). The final calculation of percent hematopoietic origin of
different cell types was corrected for percent
hematopoietic chimerism. A second correction
factor was used to correct for the fact that histological sections do not always include the
entire nucleus, so that the presence of the βglobin/pBR322 marker can be missed. Falsenegative rates of 2.4%, 3.2%, and 5.9% were
found in liver hepatocytes, myocardium, and
skeletal muscle, respectively, using tissue
from non-chimeric mice homozygous for βglobin/pBR322. One thousand nuclei in each
of the three cell types were examined in
B6.SJL-PtrcaPep3b/Boy mice. No false positives were observed.
Liver
Sections of liver were immunolabeled with
anti-hepatocyte specific antigen or anti-CD45
antibodies to delineate hepatocytes or blood
cells, respectively, prior to pBR322 in situ hybridization. Because hepatocytes are morphologically quite distinct from other liver cells,
neither of these labels provided additional
accuracy in identification of hepatocytes but
did show that BM-derived cells expressed hepatocyte-specific antigen. Nuclei with one or
two clearly visible brown dots were identified
as BM-derived cells. (Figure 1 A-B) Integration
of BM-derived cells into hepatocytes was relatively low, but the percentage of BM-derived
hepatocytes in old and diabetic mice was more
than double that of young mice. (P<0.01) (Figure 2)
Skeletal muscle
Sections of hamstring muscles (semitendonosus, biceps femoris, and semimembranosus
muscles) were immunolabeled with antilaminin to delineate the endomysium of skeletal muscle fibers prior to in situ labeling to
identify pBR322+ (i.e., BM-derived) cells.
However, due to the close proximity of laminin
to the satellite cell and myofiber nuclei, we
were unable to unambiguously identify
pBR322+ nuclei. Sections were instead labeled with anti-desmin to identify skeletal
muscle followed by pBR322 in situ hybridization, which allowed us to identify pBR322+
nuclei. Only nuclei that were clearly associated with desmin positive cytoplasm were
counted as (either satellite or differentiated)
skeletal muscle cells. (Figure 1 C-D)
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Figure 1. Bone marrow-derived cells in quiescent tissue. Brightfield images of tissue sections after in situ
hybridization with digoxygenin labeled pBR322 probe to detect bone marrow-derived cells in chimeric mice. A
& B) Liver section of young (A) and diabetic (B) mouse methyl green stained to delineate nuclei. Arrows point
to small black dots indicating hybridization to pBR322 probe to hepatocyte nuclei. Arrowhead in (B) shows
labeled cell, possibly a Kupffer cell. C & D) Desmin labeled sections of skeletal muscle with labeled nuclei
(arrows) in young mice. E & F) Desmin labeled sections of myocardium with labeled nuclei (arrows) in an old
(E) and young (F) heart. Bar = 10 µm.

Although many thousands of nuclei were examined for each animal, only nuclei that could
be unambiguously identified as skeletal muscle cells were counted. Nuclei with one or two
clearly visible brown dots were identified as
BM-derived. The mean percentage of BMderived nuclei was greater than 3% in all
groups, but the percentage in old mice was
only 57% that of young mice (P<0.02) (Figure
2).
Cardiomyocytes
Sections of ventricular myocardium were immunolabeled with anti-desmin and anti-CD45
antibodies to delineate myocardial cells and
blood cells, respectively, prior to pBR322 in
situ hybridization to identify BM-derived cells.
Anti-desmin positive cells with striations in the
cytoplasm were considered cardiomyocytes.
Difficulties in unambiguously identifying cells
arise because occasionally blood cells with
little cytoplasm intercalate between cardiomyocytes. If the cardiomyocyte nucleus is not
24

in that particular section, these blood cell nuclei might be mistaken for a cardiomyocyte nucleus. Thus, anti-CD45 labeling was used so
that blood cells were not inadvertently counted
as cardiomyocytes. In eosin-stained and desmin-labeled sections, the cytoplasm around
the nucleus of cardiomyocytes tends to be
more lightly stained because myofibrils are
thicker and more closely packed at the periphery of the fibers. This morphological feature
was also used to assist in identifying cardiomyocytes. (Figure 1 E-F) Nuclei with one or
two clearly visible brown dots were identified
as BM-derived. As with skeletal myocytes, the
percentage of BM-derived nuclei was surprisingly high, but was similar among all groups.
(Figure 2).
Fusion and differentiation
BM-derived cells could have differentiated or
fused with tissue resident cells. However, no
bi-nucleate cardiomyocytes with pBR322+ nuclei were observed in any conditions. We also
Int J Physiol Pathophysiol Pharmacol 2010;2(1):20-28
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Figure 2. Quantitation of BM-derived nuclei in quiescent hepatocytes, skeletal muscle, and cardiomyocytes in
chimeric mice generated by lethally irradiating mice and replacing their BM with cells carrying multiple copies
of pBR322 sequences in their genome. Young BM cells were transplanted into young mice (Y to Y), old cells
into old mice (O to O), and young cells into obese diabetic mice (Y to D). The mean percentage and SEM of
pBr322+ nuclei detected by in situ hybridization among the indicated cell types 12 weeks after bone marrow
replacement is shown. Data were compared by One way ANOVA with Tukey's HSD post-hoc analysis.
*P<0.05 relative to all other groups.

saw no pBR322+ nuclei in bi-nucleate hepatocytes. Skeletal muscle is multinucleate.
To determine if BM cell nuclei fused with tissue resident nuclei, the nuclei of male mice
that received male bone marrow transplants
were examined for the presence of two Ychromosomes. Sections of liver, heart, and
skeletal muscle were subjected to fluorescence in situ hybridization for Y-chromosomes
and stained with DAPI to determine if a single
or two Y-chromosomes were present. No nuclei containing two Y-chromosomes were detected in skeletal or cardiac muscle of chimeric or control male non-chimeric mice. We performed a similar analysis on hepatocytes,
which are commonly polyploid. Many nuclei
(3.4 - 26.6%) in both non-chimeric and chimeric mice contained multiple Y-chromosomes,
but there was no relationship between the
percentage of polyploid cells and whether or
not a mouse was chimeric.
Discussion
Our data indicate that BM cells may play a
significant role in maintaining tissue homeostasis, at least in some genetic backgrounds.
BM cells infiltrate the heart, skeletal muscle,
and liver, and once there, some assume a
morphology and express antigens similar to
those of cells in the local environment (i.e.,
cardiomyocytes, skeletal muscle myocytes,
25

and hepatocytes, respectively). The contribution of BM cells to various tissues is modulated by systemic physiological changes
brought about by both aging and diabetes.
These changes are, however, tissue specific
for each of these altered physiological states.
The BM cell contributions reported here are
higher than in some other reports, probably in
part because there is no reliance on gene expression to detect BM-derived cells. Detection
of the male Y chromosome in sex-mismatched
transplants has this advantage as well, but
relies on detection of a single chromosome
and has a false negative rate typically of 60%.
In contrast, two chromosomes are targets in
the β-globin/pBr322 BM cells, and our false
negative rate ranged from 2.4-5.9% in this
study [31]. Still, as noted above, the higher
rates are more likely due to the biological characteristics of this system.
Liver
The liver is an organ capable of selfregeneration. Even under basal conditions,
there is a constant balance between cell death
and cell proliferation. Basal proliferation has
been reported to be 12-25 fold lower in old
than in young rats, while rates of hepatocyte
cell death appear to be similar [2, 37-43].
Thus, homeostatic regulation of hepatocyte
number through replication and cell death may
Int J Physiol Pathophysiol Pharmacol 2010;2(1):20-28
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become less competent with age, perhaps
leading to a greater reliance on BM cells to
maintain hepatocyte homeostasis. Our data
indicate that BM-derived cells contribute a
readily detectable fraction of hepatocytes superimposed upon regulation of hepatocyte
number by regulation of hepatocyte proliferation and death. The physiological significance
of the BM contribution to hepatocyte homeostasis awaits future studies examining the functional consequences of ablating the BM contribution to hepatocyte replacement. However,
the increased fractional contribution of BMderived hepatocytes in older animals and in
young diabetic mice suggests that this contribution may have functional consequences.
Another potential explanation for the relative
increase in BM-derived cells in the older and
possibly in the diabetic animals is that postradiation liver damage is greater in these mice
than in young mice after radiation. However,
exogenous BM cells have been found to have
very poor direct engraftment potential into
non-hematopoietic tissue, so it is unlikely that
the cells engrafted directly into the tissue. It is
also improbable that the cells engrafted into
the BM and moved back into the blood stream
before repair of the radiation-induced liver
damage was completed.
Skeletal muscle
We found that 5.1% of myonuclei were BMderived after 12 weeks in young mice, suggesting that unlike the liver, BM-derived myocytes
may significantly supplement myocytes derived
from local proliferation even in young animals
in skeletal muscle. Reported rates of BMderived cell integration into skeletal muscle
have varied from negligible to as many as
4.4% of myonuclei 2 months after BM transplantation and 5.5% after 3 months in young
sarcoglycan deficient mice in another [24, 44].
Also, it was found that 1.7% of satellite cells
were BM-derived at 3 months, and 1.3-2.6% of
myonuclei were BM-derived at 6 months with
GFP tracing [45]. Our results are in general
agreement with the published reports that
detected BM-derived cells in the muscle, and
the higher contribution levels that we observe
may result from using a more reliable and readily detected tracking system.
Satellite cell replicative capacity does not appear to be lost with age, but the fraction of
satellite cell nuclei in muscle decreases by
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approximately 60% in old relative to young
muscle [46-49]. If BM cells enter the muscle
as satellite cells and replicate in the same way
as endogenous satellite cells, one would expect a 60% loss in BM-derived cells in the
muscle. Interestingly, we observed a 43% decrease in BM-derived myonuclei in the older
mice. Of course, other mechanisms may account for the reduction in recruitment of BM
cells to the muscle compartment.
Cardiomyocytes
Though recent evidence suggests that cardiomyocytes may proliferate, such proliferation
in a non-ischemic undamaged heart is rare
[25, 50]. Our findings that 5% of young and 6%
of old cardiomyocytes are BM-derived indicate
that BM cells might be the primary means of
replenishing cardiomyocytes. We cannot distinguish whether they might do so by first intercalating into the myocardium as cardiomyocyte progenitors or via direct cardiopoiesis.
Myocyte loss in a healthy human heart is low
but potentially significant, with about 0.025%
of heart muscle being necrotic or apoptotic at
any given time [51]. In diabetes, this number
is increased approximately 4 fold to 0.1% [51].
Thus, though diabetic hearts may experience
greater cell death, we find that they do not
recruit BM cells at an increased rate. Unless
cardiomyocytes are supplied by another
source, this imbalance could have a significant
impact on the myocardium, ultimately leading
to hypertrophic myocytes in the diabetic heart.
Conclusion
BM cell contribution to non-hematopoietic lineages is readily detectable and the fractional
extent of this contribution depends on the context and physiological status. We cannot conclude that BM cells are major players in maintaining tissue homeostasis in all species or
individuals within a species. Nevertheless, our
data indicate that they do play a significant
role in normal tissue maintenance in mice,
and that their contribution is affected by the
overall physiological status of the organism.
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