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Abstract
Residual bone marrow damage (RBMD) persists for years following exposure to radiation and is
believed to be due to decreased self-renewal potential of radiation-damaged hematopoietic stem
cells (HSC). Current literature has examined primarily sub-lethal doses of radiation and time
points within a few months of exposure. In this study, we examined RBMD in mice surviving
lethal doses of total body ionizing irradiation (TBI) in a murine model of the Hematopoietic
Syndrome of the Acute Radiation Syndrome (H-ARS). Survivors were analyzed at various time
points up to 19 months post-TBI for hematopoietic function. The competitive bone marrow (BM)
repopulating potential of 150 purified c-Kit+ Sca-1+ lineage- CD150+ cells (KSLCD150+)
remained severely deficient as long as 16months post-TBI compared to KSLCD150+ cells from
non-TBI age-matched controls. The minimal engraftment from these TBI HSC is predominantly
myeloid, with minimal production of lymphocytes both in vitro and in vivo. All classes of blood
cells as well as BM cellularity were significantly decreased in TBI mice, especially at later time
points as mice aged. Primitive BM hematopoietic cells (lin-, KSL, KSLCD150+) displayed
significantly increased cell cycling in TBI mice at all time points, which may be a physiological
attempt to maintain HSC numbers in the post-irradiation state. Taken together, these data suggest
that the increased cycling among primitive hematopoietic cells in survivors of lethal radiation may
contribute to long-term HSC exhaustion and subsequent RBMD, exacerbated by the added insult
of aging at later time points.
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INTRODUCTION
The growing threat of terrorist events involving radiation, as well as the potential for
radiation accidents, underscores the need for medical preparedness for management of
radiation victims. Depending on absorbed radiation dose and type of exposure, treatment
strategies and immediate and long-term clinical outcomes will differ among victims. While
the lethal dose for 50% of humans at 60 days post-exposure (LD50/60) is estimated to be
3.5-4.5Gy (Lushbaugh 1969, Vriesendorp and Van Bekkum 1984), this can be extended to
up to 6-7Gy when antibiotics and fluids are provided as supportive care (Dainiak 2002).
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Exposures of more than 10Gy result in rapid death due to extensive neurological and
gastrointestinal damage. Exposures between 1 and 10Gy affect primarily the hematopoietic
system, one of the most highly proliferative and thus radiosensitive tissues in the human
body. Radiation damage to the hematopoietic system results in what is known as the
Hematopoietic Syndrome of the Acute Radiation Syndrome (H-ARS), with rather benign
symptoms at the lower end of the range, but probable death due to severe neutropenia and
thrombocytopenia at the higher end.

Hematopoietic stem cells (HSC) are a specialized group of rare bone marrow (BM) cells
which possess two unique qualities distinguishing them from other BM cells: 1) the ability
to differentiate into hematopoietic progenitor cells (HPC) which give rise to mature cells
belonging to all the lineages comprising the formed elements of the blood (neutrophils,
platelets, erythrocytes, etc), and 2) the ability to self-renew, a process by which HSC divide
and give rise to daughter HSC with similar hematopoietic potential as parent HSC (Till and
McCulloch 1961, Abramson et al. 1977, Visser et al. 1984, Jones et al. 1989, Jones et al.
1990). It is believed that through these two processes, HSC are capable of sustaining life-
long hematopoiesis and of restoring normal BM functions following transplantation,
exposure to radio- or chemotherapy, or unwanted high dose ionizing radiation (Till and
McCulloch 1961, Visser et al. 1984, Jones et al. 1990, Keller and Snodgrass 1990).
Primitive marrow hematopoietic progenitor cells (HPC) also give rise to thymic progenitors
which leave the BM and seed the thymus to initiate immune reconstitution (Kondo et al.
1997, Perry et al. 2003, Perry et al. 2004). The loss of HSC and HPC are the ultimate causes
of morbidity and mortality in H-ARS.

Although the radiosensitivity of HSC has been debated (McCulloch and Till 1962, van
Bekkum 1991, Inoue et al. 1995, Wagemaker 1995, Belkacemi et al. 2003), at least some
HSC appear to be radioresistant, either intrinsically or via physical shielding during a
radiation accident. Despite their degree of radioresistance, HSC are likely susceptible to
damage by radiation, which is believed to lead to a latent condition termed “residual bone
marrow damage” (RBMD). RBMD is a situation whereby personnel exposed to sublethal or
lethal radiation are faced with a depressed hematopoietic system evident under times of
stress for years after exposure. RBMD is characterized by decreased self-renewal potential
of HSC and is believed to be due to induction of HSC senescence (Hellman and Botnick
1977, Botnick et al. 1979, Mauch et al. 1988, Meng et al. 2003, Wang et al. 2006). Although
RBMD has been described for several years, the specific cell types and mechanisms
involved have remained largely undefined. In addition, murine model systems of RBMD
have largely examined sublethal radiation exposure or have carried out analyses for only a
few months post-exposure. Few, if any, studies have examined RBMD in survivors of lethal
radiation exposure and/or for the lifetime of the model system. It therefore remains unknown
whether the hematopoietic system and/or HSC population ever recover from ionizing
radiation damage, or the ramifications of RBMD in aged irradiated victims. Given the
current environment and threat of terrorist use of radiation, such information on the long
term effects and consequences of RBMD are of increasing concern.

The aim of the current studies is to determine the extent and nature of long-term damage to
the hematopoietic system and HSC compartment in survivors of lethal irradiation, and to
what extent this damage contributes to RBMD. It is anticipated that findings will lead to
better understanding of the mechanisms behind RBMD and the ramifications of RBMD as
radiation victims age, with the important goal of development of potential medical
countermeasures to alleviate this debilitating condition.

Chua et al. Page 2

Health Phys. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



METHODS
Mice, radiation, dosimetry, and husbandry

Information on irradiated (TBI) and age-matched non-irradiated (non-TBI) control C57Bl/6
mice (CD45.2+) analyzed in these studies, as well as husbandry, irradiation, dosimetry and
health status monitoring are all described in the accompanying article by Plett et al (in
press). Recipient mice and donors of competitor cells used in bone marrow transplantation
studies were male or female congenic PtrcaPep3b/BoyJ (B6.BoyJ; CD45.1+) or the F1
hybrid of C57Bl/6 and B6.BoyJ mice (CD45.2+/CD45.1+). B6.BoyJ and F1 hybrids were
bred in-house and used between 8-12 weeks of age. All studies were approved by the
Indiana University School of Medicine Institutional Animal Care and Use Committee.

Experimental design
TBI mice had been used as controls in other studies where they were exposed, at 12 weeks
of age, to the estimated LD50/30 to LD70/30 dose of radiation (range: 7.76 Gy to 7.97 Gy).
At the end of those studies, surviving control group mice (TBI mice) were transferred to the
current studies, along with age-matched non-irradiated controls (non-TBI mice). Since the
biological effects on the hematopoietic system and RBMD after exposure to lethal radiation
within this dose range were found to be indistinguishable, TBI mice exposed to any dose
between 7.76 Gy to 7.97 Gy were grouped together and used in the current studies,
regardless of exposure dose. TBI and non-TBI mice were assessed at various times post-
exposure (1.5, 2, 3.5, 4, 6, 8, 10, 13, 14, 15, 16, and 19 months post-exposure) for body
weight, CBC analyses by tail-bleeding, and various bone marrow (BM) hematopoietic stem
and progenitor cell analyses. BM cells were flushed from femurs, tibias, pelvis, and humeri,
then fractionated by ficol separation to yield low density bone marrow (LDBM, 1.077 g/mL
or less). LDBM were enumerated and processed for flow cytometric analyses of primitive
hematopoietic phenotype, cell cycle position, stem cell transplantation, or progenitor assays,
as described below. BM cellularity was adjusted to the number of cells in the whole mouse
according to the methods of Boggs (Boggs 1984).

Flow cytometric analyses
Bone marrow cells expressing the cell surface phenotype c-Kit+, Sca-1+, lineage-, CD150+
(KSLCD150+ cells) represent a population of cells highly enriched for HSC potential (Kiel
et al. 2005, Chen et al. 2008). We thus chose to use this phenotype as our putative HSC
population in these studies.

For analysis of hematopoietic populations using SLAM markers (Kiel et al. 2005, Chen et
al. 2008) and cell cycle status, LDBM cells from TBI or non-TBI mice were stained for
hematopoietic markers using CD3-FITC, Gr1-FITC, B220-FITC, Sca-1-PE, c-Kit-APC, and
CD150-PerCPCy5-5 antibodies. Cells were fixed overnight in 1% (v/v) formaldehyde and
then stained with DAPI (Invitrogen, Eugene, OR) in some experiments.

The content of reactive oxygen species (ROS) in primitive hematopoietic cells was
determined by pre-incubating LDBM with C-DFDA (Invitrogen), followed by staining with
CD3-APC, Gr1-APC, B220-APC, Sca-1-PECy7, c-kit-PE, and CD150-PerCPCy5-5
antibodies.

To determine donor chimerism in transplant recipients, peripheral blood (PB) was obtained
by tail snips and subject to ammonium chloride lysis (0.16M NH4Cl, 0.01M KHCO3).
Lysed PB was stained with CD45.1-PE antibodies to detect white blood cells of recipient
origin (B6.BoyJ or the F1 hybrid of C57Bl/6 and B6.BoyJ mice) and CD45.2-FITC
antibodies to detect white blood cells of donor origin (TBI or non-TBI C57Bl/6 mice). To
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determine multi-lineage reconstitution in transplant recipients at 6 month post-
transplantation, PB was stained with CD45.1-PE, CD45.2-PerCPCy5.5, CD8a-Pacific Blue,
CD4-Alexa Fluor 647, B220-PE Texas Red and Gr1-FITC.

All antibody staining protocols were carried out for 30 mins at 4°C, followed by washing
(1% bovine calf serum/PBS) by centrifugation at 2000 rpm at 4°C. Flow cytometric analysis
was carried out using a FACScan or LSRII systems [Becton Dickinson Immunocytometry
Systems (BDIS), San Jose, CA]. All antibodies were purchased from BD Biosciences (San
Jose, CA) except CD150-PerCPCy5.5 (Biolegend, San Diego, CA) and Sca-PECy7
(eBiosciences, San Diego, CA). Approximately 1.0 to 2.0 × 105 events were acquired for
chimerism and lineage analysis, and 0.2 to 1.0 × 106 events were acquired for primitive
hematopoietic cell phenotyping and cell cycle analysis.

Flow cytometric cell sorting
LDBM (3 to 20 × 106) from TBI or non-TBI mice was stained with CD3-FITC, B220-FITC,
Gr1-FITC, Sca-1-PE, c-Kit-APC and CD150-PerCPCy5.5 antibodies and sorted for
KSLCD150+ cells using a FACSVantage SE or FACSAria (Becton Dickinson, Franklin
Lakes, NJ) or Reflection (iCyt, Champaign, IL) systems. A primary light scatter gate was
constructed and used to visualize cells expressing lineage markers. A second gate was
constructed around lineage-negative cells and used to visualize c-Kit+ and Sca-1+ cells [c-
Kit+Sca-1+lin- (KSL) cells]. A final gate defining KSL cells was used to examine and sort
on CD150+ cells. KSLCD150+ cells were collected in IMDM (Lonza, Walkersville, MD)
containing 10% (v/v) fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA).

Long term competitive transplantation
Purified KSLCD150+ cells from TBI or non-TBI mice (C57Bl/6) were obtained by flow
cytometric cell sorting, and 150 of these cells were transplanted intravenously along with 1.0
× 105 congenic competitor LDBM (B6.BoyJ or the F1 hybrid of C57Bl/6 and B6.BoyJ
mice) into congenic recipients (B6.BoyJ or the F1 hybrid of C57Bl/6 and B6.BoyJ mice)
that had been lethally irradiated with a split-dose of 700cGy followed by 400cGy 4 hours
later, for a total of 1100cGy. Use of congenic C57Bl/6, B6.BoyJ, and F1 hybrids in
competitive BM transplantation studies has been previously described by us (Plett et al.
2002, Plett et al. 2003) and others (Hoggatt et al. 2009). Recipients were provided
doxycycline chow and neomycin water beginning one week prior to transplantation and
continuing for one month thereafter. PB was analyzed at monthly intervals to 6 months for
donor chimerism and for lineage reconstitution at 6 months post-transplant.

Hematopoietic progenitor cell assays
1.0×105 LDBM cells were suspended in duplicate in 1 mL methylcellulose media containing
the hematopoietic growth factors murine stem cell factor, murine interleukin-3, recombinant
human interleukin-6, and recombinant human erythropoietin (Methocult M3434, Stem Cell
Technologies, Vancouver, BC, Canada). Cultures were incubated in 100% humidified 5%
CO2 in air at 37°C, and enumerated 13 days later for CFU-GM, BFU-E, and CFU-GEMM
colonies under a light microscope utilizing a benzidine solution to visualize BFU-E colonies
(Clarke and Housman 1977).

Pre-B Lymphoid colony assays
1.0×105 LDBM cells were suspended in duplicate in 1 mL methylcellulose media containing
recombinant human IL-7 (MethocultvM3630, Stem Cell Technologies, Vancouver, BC,
Canada). Cultures were incubated in 100% humidified 5% CO2 in air at 37°C, and
enumerated 7-8 days later for pre-B lymphoid colonies.
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Statistical Analyses
Two-way ANOVA models were used to investigate the association of treatment group and
months post irradiation with weight, donor chimerism, BM cellularity, CBC parameters,
progenitor frequency and number per mouse, percent and number per mouse of BM
primitive hematopoietic cells (lin-, KSL, and KSLCD150+) and %G0G1 of lin-, KSL, and
KSLCD150+. For each parameter, this analysis compares TBI and non-TBI mice after
adjusting for time. Thus, the comparisons involved all the mice rather than multiple
comparisons between small groups of mice at individual time points. The interaction
between treatment group and months post-irradiation was also examined in all models.

RESULTS
Body weights and CBCs

Visually, TBI and non-TBI did not differ in appearance other than the fur of TBI mice was
much lighter and grayer in color compared to that of non-TBI mice. Prior to euthanasia for
HSC and HPC analyses at the various times post-exposure, TBI and non-TBI mice were
weighed and blood collected by tail snips for CBC analyses. While body weights (Fig. 1a)
and all CBC parameters (Figs. 1b-1f) of TBI mice appeared similar to those of non-TBI
mice at early time points post-exposure, differences in all these parameters became quite
apparent at time points more than 10 to 13 months post-TBI (p≤0.01). Whereas body weight
and CBC parameters tended to increase in non-TBI mice as they aged, all parameters tended
to decrease in TBI mice with age.

Although the absolute neutrophil (NE) count was significantly less in TBI mice compared to
non-TBI mice (Fig. 1c), the percentage of NE was greater (overall mean±SEM: 41.75±2.38
versus 30.37±2.45, respectively, p<0.001). The absolute lymphocyte (LY) count (Fig. 1d),
as well as the percentage of LY, was significantly less in TBI mice on average over time as
compared to non-TBI mice (overall mean %LY±SEM: 49.43±2.79 versus 62.37±2.44,
respectively, p<0.001), illustrating the significant impact that radiation exposure poses on
the immune system. Together, these data suggest that compensatory mechanisms supplying
hematopoietic support in TBI mice cannot match the “second hit” that aging imparts on
these irradiated survivors.

Bone marrow (BM) cellularity and primitive hematopoietic phenotypes
Similar to the WBC and other CBC parameters, BM cellularity (defined as the absolute
numbers of LDBM per mouse) was consistently decreased in TBI mice compared to non-
TBI mice (Fig. 2a, p = 0.008), especially at later time points (13-19 months post-TBI).
Although BM cellularity was decreased, the percentage of primitive hematopoietic lineage-
negative (lin-) cells was significantly increased in TBI LDBM compared to non-TBI LDBM
(Fig. 2b, p = 0.021), allowing for maintenance of absolute numbers of lin- cells in TBI mice
(Fig. 2c). Expression of Sca-1 and c-Kit on lin- cells was significantly increased in non-TBI
mice (Fig. 2d, p = 0.009), resulting in significantly higher numbers of KSL cells in non-TBI
mice compared to TBI mice (Fig. 2e, p = 0.044). No consistent differences were evident in
the percentage or absolute number of KSLCD150+ cells between TBI and non-TBI mice
(Fig. 2f and 2g). There were, however, apparent increases in both percentage and absolute
number of these cells in non-TBI mice as they aged (Figs. 2f and 2g), as previously reported
for aged HSC (Morrison et al. 1996, Sudo et al. 2000). Similar to data from Simonnet et al.
(Simonnet et al. 2009), the percentage of KSL cells expressing the SLAM marker CD150
was significantly increased in TBI mice (Fig 2h, p < 0.001).
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BM hematopoietic progenitor cells (HPC) and pre-B lymphoid colonies
Given that various PB CBC parameters and primitive BM hematopoietic phenotypes are
significantly decreased in TBI mice compared to non-TBI mice, it stood to reason that BM
hematopoietic progenitors may also be compromised in TBI mice. To test this, LDBM from
TBI and non-TBI mice was assayed for HPC in methylcellulose progenitor and pre-B
lymphoid assays. Bone marrow from non-TBI mice was found to contain a significantly
higher frequency and absolute number of both HPC (panels a and b) and pre-B lymphoid
colonies (panels c and d) than TBI BM.

Competitive Transplantation and Lineage Reconstitution
When assessed in competitive BM transplantation assays, 150 purified, sorted KSLCD150+
cells, isolated from TBI mice at all time points post-exposure, were found to contain <2% of
the repopulating potential of similar cells isolated from non-TBI age-matched controls (Fig.
4). The inability of this highly purified HSC phenotype to reconstitute the hematopoietic
system of suitably-conditioned recipients remained severely deficient up to 16mo post-TBI,
the latest time point that TBI and non-TBI mice have been analyzed to date. Comparing the
generally higher level of chimerism from non-TBI HSC at early time points to the lower
values observed at later time points, the reported loss of HSC potential that comes with age
becomes evident (Chambers et al. 2007).

Recipients that received TBI KSLCD150+ cells with at least 0.04% donor-derived
peripheral blood reconstitution at 6 months post-transplant were assayed for donor-derived
lineage reconstitution of peripheral blood CD8+ T cells, CD4+ T cells, B220+ B cells, and
Gr-1+ granulocytes by flow cytometry. Remarkably, recipients of KSLCD150+ cells from
TBI mice were severely deficient in donor lymphoid reconstitution, producing negligible
levels of T and B cells up to at least 13 months post-TBI (Fig. 5a), whereas KSLCD150+
cells from non-TBI mice (Fig. 5b), or competitor cells co-transplanted with either TBI (Fig
5c) or non-TBI (Fig. 5d) KSLCD150+ cells, provided a normal pattern of lineage
reconstitution in transplant recipients. These data indicate that TBI HSC likely never regain
full HSC potential during the lifetime of the irradiated survivor. Of interest and in agreement
with others (Morrison et al. 1996, Kim et al. 2003), HSC from aged non-TBI mice displayed
skewing toward the myeloid lineage, as evidenced by a greater percentage of donor-derived
granulocytes at month 13 compared to earlier months (Fig. 5b).

Cell cycle analysis
Mitotic quiescence is a key characteristic of HSC, and believed to be essential to
maintenance of HSC self renewal and differentiation potential (Verfaillie and Miller 1995,
Peters et al. 1996, Traycoff et al. 1996, Ladd et al. 1997, Nilsson et al. 1997, Gothot et al.
1998, Habibian et al. 1998). We have demonstrated that HSC from mice exposed to lethal
TBI are severely diminished in their ability to provide long term multi-lineage
hematopoietic reconstitution in suitable recipients, and that this ability does not recover for
nearly the lifetime of the TBI mouse. To determine if HSC quiescence is compromised in
TBI mice, the percentage of TBI KSLCD150+ cells in G0/G1 at different times post-
exposure was determined, and found to be significantly lower at each time point compared
to non-TBI KSLCD150+ cells (Fig. 6, p<0.001), indicating significantly increased cell
cycling. A similar pattern of increased cycling was found for TBI lin- cells and TBI KSL
cells (p<0.001, data not shown). Taken together with data in Fig. 2 showing decreased
cellularity of TBI BM, the increased percentage of TBI primitive hematopoietic phenotypes
in active phases of cell cycle may be a physiological attempt to maintain HSC numbers in
the post-irradiation state, albeit at the expense of HSC potential.
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Reactive oxygen species (ROS)
Radiation-induced chronic oxidative stress has been postulated to be a contributing factor to
RBMD (Wang et al. 2006, Wang et al. 2010). In support of this, increased levels of ROS,
which may contribute to chronic oxidative stress via DNA damage, have been documented
in HSC populations 1-2 months post exposure to sub-lethal doses of irradiation (Wang et al.
2006). ROS have also been shown to limit HSC lifespan through activation of p38 MAPK
(Ito et al. 2006). However, later time points after radiation exposure, or ROS content
following higher, potentially lethal doses of radiation, have not been examined. To further
examine the possible contribution of ROS to RBMD, ROS levels were measured in KSL
cells from TBI and non-TBI mice at various times post-exposure. While ROS content of
KSL cells from TBI mice was found to be increased at 1.5mo post-exposure (in agreement
with Wang et al., 2006), values at later time points were similar to those from non-TBI mice
(Fig. 7).

Other assays
Results of experiments assessing HSC homing potential, chemotaxis to SDF-1a,
mitochondrial activity, and marrow osteoblast content were similar in TBI and non-TBI
mice at various time points between 3.5 and 16 months post-exposure (data not shown),
indicating that none of these parameters appears to be directly responsible for radiation-
induced HSC dysfunction.

DISCUSSION
Our results define severe, life-long HSC damage in survivors of lethal doses of ionizing
radiation in a murine model of H-ARS. The long term deleterious effects of lethal TBI on
HSC was evidenced by significantly lower donor competitive repopulation potential up to at
least 19 months post-exposure (22 months of age) and abnormal multi-lineage
differentiation potential marked by dramatic skewing towards the myeloid lineage of TBI
HSC compared to HSC from non-TBI age-matched control mice. Similar findings have been
reported by others, but at earlier time points post-exposure and/or after sub-lethal radiation
(Simonnet et al. 2009). The significant loss of BM hematopoietic and lymphoid progenitors
and peripheral blood cells illustrates a dramatic loss of HSC progeny, further suggesting
severe deficits in HSC potential. The long term loss of self renewal and differentiation
potential, the two hallmark properties of HSC, indicates true loss of HSC function that is
unrecoverable for the life of the mouse.

These data also show that hematopoietic stem and progenitor cell dysfunction from TBI
mice becomes more pronounced compared to non-TBI age-matched controls beyond 10
months post exposure. It is well known that compensatory mechanisms in place following
HSC damage allow for normal levels of blood elements and apparent hematopoietic support
provided largely by the progenitor pool in the bone marrow. However, in times of stress,
compensatory mechanisms cannot sustain the increased hematopoietic demand, and
hematopoietic failure becomes apparent as evidenced by an inability to maintain production
of normal levels of blood cells (Testa et al. 1985, Mauch et al. 1988, Mauch and Hellman
1989, Mauch et al. 1995). This loss of hematopoietic support can be traced to an
insufficiency of the HSC pool, which feeds the HPC pool and finally mature blood elements
(Fliedner et al. 1986, Mauch et al. 1988). It is likely in our studies that we have gone beyond
the time line for normal compensatory hematology and the required renewal of HSC is lost
and the system cannot maintain normal production of blood cells. As it is well known that
age is a stressor to the hematopoietic and immune systems (Morrison et al. 1996, Sudo et al.
2000, Liang et al. 2005, Rossi et al. 2005, Chambers et al. 2007, Nijnik et al. 2007, Rossi et
al. 2007, Pang et al. 2011), it follows that hematopoietic failure in our TBI mice would be
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more apparent at later time points, in our case, beyond 10 months from exposure. It may not
be coincidental that effects in our H-ARS model occur temporally with those observed in the
gastrointestinal and pulmonary systems and are part of the delayed effects of acute radiation
exposure (DEARE) syndrome described elsewhere in this issue.

The HSC niche provides both cell contact and humoral mechanisms which influence
proliferative decisions of HSC (Wilson and Trumpp 2006). It is possible that radiation
damage to the HSC niche may have contributed to our observed long-term HSC
dysfunction. While we found no differences in number of marrow osteoblasts in our studies,
radiation-damage to these or other niche cell types, such as endothelial cells, adipocytes,
smooth muscle cells, reticular cells, or stromal fibroblasts, or changes in the humoral factors
produced by these cells, may have affected HSC function. A detailed examination of the
HSC niche/ microenvironment was beyond the scope of the current studies.

In our studies, impaired HSC function in TBI mice does not appear to be due directly to
homing defects [as suggested by others (Morrison et al. 1996, Liang et al. 2005, Simonnet et
al. 2009)], differences in chemotaxis to SDF-1a, mitochondrial activity, nor to persistent
differences in ROS content of HSC. We found significantly increased levels of ROS in HSC
up to 1.5 months post-TBI [in agreement with Wang et al. (Wang et al. 2006)], but lack of
significant differences in ROS at time points up to 16 months post-exposure. It has been
suggested that chronic oxidative stress induced in HSC by radiation contributes to RBMD,
as evidenced by increased ROS in HSC populations within 1.5 months of exposure (Wang et
al. 2006, Wang et al. 2010).

Whether the significantly increased ROS content in HSC early after TBI contributes to
persistent HSC dysfunction more than one year post-exposure, requires further investigation.
ROS-low HSC isolated from steady state bone marrow reportedly possess higher self-
renewal potential, whereas ROS-high are prone to HSC exhaustion (Jang and Sharkis 2007).
ROS-low HSC may reside in the low-oxygenic osteoblastic niche (Jang and Sharkis 2007)
and possibly comprise the purported radioresistant HSC population (van Bekkum 1991) due
to protection from radiation-induced oxidative stress. It is therefore possible that ROS-high
HSC, evident early post-TBI, eventually undergo apoptosis, leaving ROS-low HSC the task
of providing life-long hematopoiesis in the mouse. However, the radiation-damaged ROS-
low HSC lack full HSC potential and thus cannot provide adequate hematopoietic support,
resulting in RBMD.

The task of repopulating the depleted marrow by the radiation-damaged ROS-low HSC
likely forces the normally quiescent HSC population to undergo unscheduled proliferation.
Our data indeed document increased cell cycling of TBI lin-, KSL, and KSLCD150+ cells,
all BM cell populations highly enriched for classes of primitive HPC. As enhanced cycling
of HSC is believed to lead to loss of self renewal potential and has been shown by our group
to be detrimental to engraftment potential (Traycoff et al. 1996), it seems likely that the
enhanced cycling of HSC from TBI mice up to 16 months post-exposure is a major
contributor to RBMD in these mice. Although it seems plausible that TBI HSC would
eventually “catch up” from the initial radiation insult and return to steady state levels of
proliferation, TBI mice suffer the added stress of aging, which in itself leads to enhanced
cycling (Morrison et al. 1996) and loss of self renewal and differentiation potential
(Morrison et al. 1996, Kim et al. 2003, Kamminga et al. 2005). Therefore, aging may be
viewed as a “second hit” to the TBI HSC.

Aberrant multilineage differentiation was marked by lack of production of donor-derived
lymphocytes in vivo as well as in lymphocyte-directed in vitro assays, accompanied by a
concomitant increase in the number of myeloid cells, as described by others (Morrison et al.
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1996, Kim et al. 2003, Pang et al. 2011). These data may help explain the depressed immune
function observed for years following radiation exposure, and suggest that radiation-induced
long-term immunosuppression may be due to direct effects on BM HSC that compromise
their multi-lineage repopulating potential, rather that direct effects on immune cells and/or
their environment.

The percentage of KSL cells expressing CD150 was found to be increased up to 10-fold in
TBI mice from 1.5 to 16 months post-exposure (Fig. 2h). Increased expression of CD150 on
HPC from irradiated mice has been reported by others (Simonnet et al. 2009), albeit at
earlier time points post-exposure. Although the function of CD150 on HSC is unknown,
CD150 is known to be upregulated by cytokines and LPS in lymphoid cells (Sidorenko and
Clark 1993), and regulates AKT and/or ERK1/2 (Yurchenko and Sidorenko 2010),
suggesting possible roles in cell survival (Yurchenko et al. 2011). It is possible that chronic
upregulation of CD150 in HSC from irradiated mice may reflect the post-exposure chronic
inflammatory state and may be a protective mechanism to attempt to control apoptosis of
cells damaged by irradiation.

Finally, it is appreciated that TBI models do not mimic the nuclear terrorist scenario or other
uncontrolled nuclear events. Shielding at the radiation accident scene will likely occur due
to physical obstacles between the victim and the source, heavy clothing, or body tissues.
This shielding will allow sparing of some HSC that may aid recovery from the acute effects
of radiation. The protective effects of shielding a portion of the hematopoietic system on
acute lethality have been reported as early as 1949, when Jacobsen et. al. (Jacobsen et al.
1949) showed that the LD50 in mice could be increased from 5.50Gy to 9.75Gy by shielding
the spleen. Other studies showed protection by shielding a single leg or tail in mice
(Robinson et al. 1965, Carsten and Bond 1968, Carsten and Bond 1969). Thus, shielding
may also impact the manifestations of RBMD. Such studies were beyond the scope of the
current paper, but will be addressed in ongoing “partial body irradiation” (PBI) studies
where 5% of the murine BM is shielded from irradiation. The impact of PBI in other model
systems has been reported in other papers elsewhere in this issue (in press refs).

CONCLUSIONS
Taken together, these data suggest that the increased cycling among primitive hematopoietic
cells in survivors of lethal radiation may contribute to hematopoietic stem cell exhaustion,
prolonged immune suppression, and subsequent RBMD. These data document that
hematopoietic stem cell function remains severely depressed in lethally-irradiated mice for
up 19 months post-exposure, and the “second hit” of aging further compromises the already-
deficient HSC function in these mice.
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Figure 1. Body weight and CBC profiles in TBI and non-TBI mice
At various times between 1.5 and 19 months post-exposure, TBI and non-TBI mice were
assessed for body weight (panel a), peripheral blood white blood cells (WBC, panel b),
neutrophils (NE, panel c), lymphocytes (LY, panel d), red blood cells (RBC, panel e), and
platelets (PLT, panel f). Lines represent mean±SEM; *p≤0.01 comparing non-TBI to TBI,
**p<0.05 for significant interaction indicating greater difference between TBI and non-TBI
at later time points. n=2-3 mice per group per time point.
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Figure 2. Bone marrow (BM) cellularity and primitive hematopoietic phenotypes in TBI and
non-TBI mice
TBI and non-TBI mice were sacrificed at various times post-exposure and LDBM isolated.
LDBM was enumerated and absolute numbers of LDBM cells per mouse (BM cellularity)
were calculated as described in Materials and Methods (panel a). The percentage of different
primitive hematopoietic cell phenotypes was determined by flow cytometry as described in
Materials and Methods, and multiplied by BM cellularity in panel a to give the absolute
number of these different cells per mouse. The following data are shown: panel b, the
percentage of lineage-negative cells; panel c, the absolute number of lineage-negative cells
per mouse; panel d, the percentage of Sca-1+ c-Kit+ cells on lin- cells; panel e, the absolute
number of KSL per mouse; panel f, the percentage of KSLCD150+ cells; panel g, the
absolute number of KSLCD150+ cells per mouse; panel h, the percentage of CD150+ cells
within the KSL population. Phenotyping of bone marrow cells at month 19 post-TBI could
not be performed due to limiting numbers of cells isolated at this time point. Bars represent
mean±SEM; p values comparing non-TBI to TBI are given on each figure. n=3 mice per
group per time point.
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Figure 3. Hematopoietic and pre-B lymphoid progenitors in TBI and non-TBI mouse BM
1.0 × 105 LDBM from TBI and non-TBI mice isolated between 1.5 and 19 months post-
exposure was suspended in duplicate in 1 mL methylcellulose media containing muSCF,
muIL-3, rhuIL-6, and rhuEPO (for hematopoietic progenitors), or in 1 mL methylcellulose
media containing recombinant human IL-7 (for pre-B lymphoid colonies). Cells were
incubated in 100% humidified 5% CO2 in air at 37°C and enumerated 13 days later for
CFU-GM, BFU-E, and CFU-GEMM colonies, or 7 days later for pre-B lymphoid colonies.
The frequency of CFU-GM, BFU-E, and CFU-GEMM combined and total number of these
per mouse are shown in panels a and b, respectively. Panels c and d give the frequency and
total number of pre-B lymphoid colonies per mouse, respectively. Bars represent mean
±SEM; p values comparing non-TBI to TBI are given on each figure. n=1-3 mice per group
per time point.
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Figure 4. Long term engraftment potential of TBI and non-TBI HSC in competitive
transplantation assays
Lethally irradiated congenic murine recipients were transplanted with 150 KSLCD150+
cells isolated from either TBI or non-TBI donors, along with 1.0 × 105 LDBM competitor
cells of congenic origin. Peripheral blood from tail snips was obtained from transplanted
recipients at monthly intervals and was analyzed by flow cytometry to determine donor
chimerism using antibodies against CD45.1 and CD45.2. Lines represent mean±SEM donor
chimerism at 6 months post-transplant (except data at months 3.5, 15 and 16, which
represent chimerism in ongoing experiments analyzed at 4, 3 and 2 months post-transplant,
respectively). *p<0.001 comparing non-TBI to TBI, n=4-14 recipient mice per group per
time point.
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Figure 5. Lineage reconstitution of TBI and non-TBI HSC in competitive transplantation assays
Mice transplanted with TBI or non-TBI KSLCD150+ cells in Figure 4 were assayed for
donor-derived lineage reconstitution at 6 months post-transplantation. Peripheral blood from
tail snips was stained with fluorescently tagged antibodies to CD45.1, CD45.2, CD4, CD8,
B220, and Gr1, and analyzed by flow cytometry for donor- or competitor-derived CD4+ and
CD8+ T cells, B cells, and granulocytes. Panel a depicts the lineage reconstitution of 150
KSLCD150+ cells from TBI donors (expressed as a percentage of total TBI donor cells).
Data on months 2, 8, and 10 in Panel a were n=1 since mice transplanted with TBI
KSLCD150+ cells often did not exhibit high enough donor chimerism to allow further
phenotyping for lineage cells. Panel b shows the lineage reconstitution of 150 KSLCD150+
cells from non-TBI donors (expressed as a percentage of total non-TBI donor cells). Panels c
and d show the lineage reconstitution by the congenic competitor cells (expressed as a
percentage of total competitor cells) that were co-transplanted with KSLCD150+ from TBI
or non-TBI donors, respectively, which acts as an internal standard for normal lineage
reconstitution. Bars represent mean±SEM; n=1-7 recipient mice per group per time point.
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Figure 6. Cell cycle analysis of TBI and non-TBI HSC
TBI and non-TBI mice were sacrificed at various times between 3.5 and 16 months post-
exposure and bone marrow KSLCD150+ cells were analyzed by flow cytometry for cell
cycle position using the DNA stain DAPI. Bars represent mean±SEM; *p<0.001 comparing
non-TBI to TBI, n=3 mice per group per time point.
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Figure 7. Content of reactive oxygen species (ROS) in TBI and non-TBI bone marrow KSL cells
TBI and non-TBI mice were sacrificed at various times between 1.5 and 16 months post-
exposure and bone marrow KSL cells were analyzed by flow cytometry for ROS content
using C-DFDA. Bars represent the mean±SEM of the mean fluorescence intensity (MFI) of
C-DFDA on C-DFDA+ KSL cells; *p<0.05 comparing TBI and non-TBI C-DFDA+ KSL
cells at 1.5 months post-exposure. n=2-3 mice per group per time point.
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