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A Comparison of Cs-137 γ Rays and 320-kV
X-Rays in a Mouse Bone Marrow
Transplantation Model
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Abstract
US homeland security concerns regarding the potential misuse of some radiation sources used in radiobiological research, for
example, cesium-137 (137Cs), have resulted in recommendations by the National Research Council to conduct studies into
replacing these sources with suitable X-ray instruments. The objective of this research is to compare the effectiveness of an
X-RAD 320 irradiator (PXINC 2010) with a 137Cs irradiator (Gammacell-1000 Unit) using an established bone marrow chimeric
model. Using measured radiation doses for each instrument, we characterized the dose–response relationships for bone marrow
and splenocyte ablation, using a cytotoxicity-hazard model. Our results show that the X-RAD 320 photon energy spectrum was
suitable for ablating bone marrow at the 3 exposure levels used, similar to that of 137Cs photons. However, the 320-kV X-rays
were not as effective as the much higher energy g rays at depleting mouse splenocytes. Furthermore, the 3 X-ray levels used were
less effective than the higher energy g rays in allowing the successful engraftment of donor bone marrow, potentially as a result of
the incomplete depletion of the spleen cells. More defined studies are warranted for determining whether bone marrow
transplantation in mice can be successfully achieved using 320-kV X-rays. A higher X-ray dose then used is likely needed for
transplantation success.
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Introduction

Our world is a dangerous place and there is always the threat of

terrorism. This includes the possible use by terrorists of a radio-

activity dispersal device (eg, dirty bomb) containing radioac-

tive materials such as cesium-137 (137Cs). Such a weapon

could cause loss of lives and possibly millions to billions of

dollars in damage due to population evacuation, relocation, and

area decontamination. Related to homeland security, now there

is an ongoing effort to replace 137Cs irradiators (called units)

such as the Gammacell-1000 Unit (AECL 1984) used in radio-

biological studies with X-ray irradiators with suitable energy

spectra. One possible X-ray irradiator is the X-RAD 320

(PXINC 2010). For each type of radiobiological study (eg, in

vitro, in vivo) of interest that would be conducted using 137Cs g
rays, it is important to demonstrate that a successful outcome

can be achieved using X-rays with a suitable photon energy

spectrum.1-5 One such study is bone marrow transplantation in

mice after host bone marrow ablation using X-rays from the

X-RAD 320 cabinet irradiator, which is the focus of this article.

Bone marrow chimeric mice, which are engrafted with bone

marrow of genetically disparate donors, are an important tool in

immunological studies.6 Such mice are a valuable tool for

evaluating whether bone marrow–derived cells are involved

in various immune responses (as they can be distinguished

from radio-resistant somatic cells in the recipient). In addition,

bone marrow cells that carry or are deficient in specific gene
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products can be delivered by bone marrow reconstitution of

irradiated hosts. They may also be used to study both the immu-

nological mechanisms, such as antitumor immunity and graft-

versus-host disease.7 The first step in production of such mice

is myeloablation (ie, destruction of some or all of the recipient

mouse’s bone marrow).6,8 This step is intended to ensure ade-

quate space is made in the bone marrow compartment of the

recipient (host) to allow engraftment of donor marrow, which is

delivered shortly after irradiation by intravenous (IV) injection.

The donor bone marrow contains pluripotent hematopoietic

stem cells as well as more mature hematopoietic cells, such

as those of the lymphoid and myeloid lineage.6

Myeloablation is typically achieved using whole-body irra-

diation of the host mouse. However, there are uncertainties

about the appropriate whole-body radiation absorbed dose to

use for myeloablation.9 For total-body irradiation, the absorbed

dose to the bone marrow is proportional to the whole-body

absorbed dose. If the absorbed dose to the bone marrow is too

low, the recipient mouse’s residual hematopoietic cells can

reconstitute the bone marrow compartment and in doing so

prevent the donor bone marrow from engrafting. This can occur

either by occupation of the bone marrow niche or by direct

host-versus-graft rejection (ie, donor bone marrow rejection

and destruction). On the other hand, the use of a whole-body

radiation absorbed dose that is too high can cause lethal dam-

age to multiple organs (including the intestines) and early death

before any donor bone marrow has time to engraft.9

Radiation damages rapidly dividing cells, such as cells of

the hematopoietic system and those of the intestinal epithelium.

Intestinal epithelial cells lose their capacity to absorb nutrients,

leading to weight loss and diarrhea (ie, radiation sickness). In

addition, intestinal contents (bacteria and their toxins) leaking

into the bloodstream (due to killed cells) can cause pro-

inflammatory cytokines to be released, such as tumor necrosis

factor-a, which can lead to septic shock and malaise.9

Self-shielded 137CsCl irradiators with radioactivity levels in

the International Atomic Energy Agency Categories 1 and 2 (ie,

greater than 27 Ci) have been widely used in 3 major applications

(NRC 2008): (1) blood sterilization, (2) biomedical research

involving cells in culture and small animals, and (3) calibration.

Cesium chloride is highly soluble in water and is dispersible in

aerosol form. This led to a homeland security concern (NRC

2008) related to dirty bomb use by terrorists as already indicated.

Because of this concern, a report by the National Research Coun-

cil (NRC/NAS 2008) recommended that careful consideration be

given to the possibility of replacing 137Cs irradiators with X-ray

irradiators with suitable energy photons.10

Whereas unshielded 137Cs-generated g rays have an energy

of 662 keV, X-rays generated from cabinet irradiators typically

have photon energies (variable) <500 keV, thus potentially

limiting their ability to penetrate tissues. Radiation photons

from 137CsCl and X-ray irradiators have different distribution

of energies, with the average energy being higher for g rays. A

filter is used to remove some lower energy X-ray photons

(called beam hardening), thereby increasing the average photon

energy for the X-ray beam.11

Research reported here relates to possibly replacing 137CsCl

irradiators used in radiobiological research involving small

animals with an X-RAD 320 Unit X-ray irradiator (PXINC

2010) with energies higher than for a typical X-ray irradiator.

The experimental work was performed in a previous project in

collaboration with Sandia National Laboratories.12,13 The

objective of the research is to demonstrate the feasibility of

achieving the same success in bone marrow ablation/transplan-

tation studies (with mice) with an X-RAD 320 Unit photon

energy spectrum as has been achieved with higher energy

g-ray photons from a 137CsCl-based irradiator.

Our results, described in detail below, indicate that the

X-RAD 320 photon energy spectrum (with filtered lower

energy photons) was suitable for ablating mouse bone marrow

at either the high, moderate (mid), or low doses used, like was

the case for 137Cs g rays; however, the X-rays were not as

effective as g rays at depleting mouse splenocytes. In addition,

X-ray irradiation at the doses used failed to allow for successful

engraftment of donor bone marrow of another strain and led

instead to outgrowth of immune cells from the host animal’s

own hematopoietic system. This likely relates to our highest

X-ray dose being too low.

Methods

Irradiators

Gammacell-1000 Unit. A Gammacell-1000 Unit (AECL 1984)

was used for whole-body exposure of mice to g rays.

Gammacell-1000 irradiators are self-contained irradiators

designed to deliver a large range of radiation doses to small

biological samples. They consist of a stationary 137Cs doubly

encapsulated radiation source permanently secured within a

biological lead shield. The radioactive source consists of an

array of 2 137CsCl pencils (Model ISO-1000; AECL 1984).

When the emitted 662-keV g-ray photons penetrate the source

encapsulation, a spectrum of photon energies arise, so the irra-

diated targets are exposed to a variety of photon energies, such

as for X-ray irradiators. The biological shield is mounted on a

steel frame and is covered with sheet-metal panels.

The biological shield contains the sample chamber rotor. By

turning the rotor through an arc of up to 180 degrees, the

sample chamber is either exposed to or removed (except for

small amount of leakage radiation) from the radiation field and

the irradiated target can be rotated during irradiation. The

radiation beam is horizontal, unlike for the X-RAD 320

X-ray irradiator discussed below. The Gammacell-1000 Unit

used was housed in a highly secure area with access only avail-

able for approved individuals.

X-RAD 320 Unit. The X-RAD 320 Unit (PXINC 2010) used is a

self-contained X-ray irradiation system that was designed for

use in biology and medical research. The X-RAD 320 irradia-

tion system is used in conjunction with the GE ISOVOLT 320

TITAN X-ray Unit. A cathode generator with a power electro-

nics module and anode generator are used to generate the
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negative and positive high voltages used to excite the X-ray

tube. Cooling is achieved via an oil-to-air cooling system, but

extra room air cooling is also needed for our facility.

The shielded cabinet includes an adjustable specimen shelf,

sample viewing window, and beam hardening filter holder. The

320-kV X-ray tube provides a high output relatively uniform

vertical beam with a maximum output of 4000 W allowing for

delivery of up to 16 Gy/min at 50-cm source to surface dis-

tance. Actual dose rates depend on other factors, including

beam filtration and other exposure settings. Our studies

employed a filter comprised of 0.75-mm tinþ 0.25-mm copper

þ 1.5-mm aluminum (half value layer of approximately

3.7-mm Cu). The unit is also housed in a secure area with

access only available for approved individuals.

Animals. In order to avoid a graft-versus-host response, we

chose to use recipient (C.B-17) and donor (B10.D2) mice that

were identical at the major histocompatibility region (both

strains being H-2d). These 2 strains, however, can be geneti-

cally and flow cytometrically distinguished by the cell-

surface marker Sca-1, which is expressed on a much higher

percentage of hematopoietic cells in the B10.D2 strain than

the C.B-17 strain.

Female and male C.B-17 mice (10-18 weeks old) were

either bred at Lovelace Respiratory Institute or purchased from

Taconic (Germantown, New York). Female and male B10.D2

mice (11-15 weeks old; B10.D2-Hc1 H2d H2-T18c/nSnJ, stock

number 000463), used for donor bone marrow, were purchased

from Jackson Laboratories (Bar Harbor, Maine). Animals were

housed in sterile microisolator caging with autoclaved bedding.

They received irradiated food (Teklad Global 18% Protein

Rodent Diet 1918 Irradiated; Harlan Laboratories, Madison,

Wisconsin) and antibiotic-treated water (enrofloxacin,

175 mg/mL; Baytril 100, Bayer HealthCare LLC, Animal

Health Division, Shawnee Mission, KS) for the duration of the

experiment. For the first 14 days postirradiation, mice were

supplemented with moistened food daily. Lab gel (banana-

flavored enrichment gel, no sugar added 71-01-1081,

ClearH2O, Portland, Maine) was provided as necessary. All

experiments were approved by the Institutional Animal Care

and Use Committee and were conducted at Lovelace Respira-

tory Research Institute, an AAALAC approved facility.

Animal Irradiation. Mice were anesthetized with 75 to 100 mg/kg

ketamine (Putney/Dechra Veterinary Products, Overland Park,

KS and/or Fort Dodge Animal Health Pharmaceuticals, Over-

land Park, KS) and 5 mg/kg xylazine (Anased, Akorn, Inc,

Lake Forest, IL) delivered in maximum 0.20-mL saline intra-

peritoneally. Anesthetized mice were placed in 50-mL poly-

propylene conical centrifuge tubes with the conical end

removed to allow a 7-mm hole for breathing. They were

secured in the tubes with absorbent wipes placed in front of

the tube cap. All target radiation doses were delivered as a split

dose, with 50% of the total dose being delivered in each of 2

sessions separated by 4 hours. Using a split-dose design where

DNA repair is allowed to occur in the relatively short inter-

dose-fraction interval helps to avoid deaths from the hemato-

poietic and other radiation syndromes.

Target dose rate estimates were 0.9 Gy/min using the X-

RAD 320 Unit and 1.0 Gy/min using the Gammacell-1000

Unit. Between the 2 radiation exposure sessions, mice were

allowed to wake up from their anesthesia on temperature-

controlled warming pads and once awake were placed back

in their cages with access to food and water.

Mouse-bearing tubes were secured horizontally on a turn-

table in the X-RAD 320 Unit because of the vertical beam

(from above the target), whereas they were positioned verti-

cally in the stainless-steel sample canister in the Gammacell-

1000 Unit because of the horizontal beam. Mice were rotated

on turntables for the duration of the exposures in an attempt to

achieve as close to a uniform radiation exposure as possible.

In addition, as the X-ray source was above the mice, the tubes

were positioned with the ventral side of the mouse facing the

source during the first irradiation session and during the sec-

ond session the tubes were positioned such that their dorsal

side was facing the source. Mice were monitored closely for

weight loss and indications of radiation sickness through the

duration of the experiment.

Dosimetry. Radiation-absorbed doses to mice were evaluated

using Thermoluminescent Dosimeters (TLD; Quantaflux, Ore-

gonia, Ohio) which were read on-site using a Victoreen 2800

Thermoluminescent Reader. Dose calibration relationships for

the X-RAD 320 Unit were established based on Victoreen

ionization chamber wands and a Condenser R-Meter Model

570 (Fluke Biomedical, Cleveland, Ohio). Gammacell-1000

Unit exposure readings based on TLDs were checked using

nanoDots (Optically Stimulated Luminescence Technology;

Landauer, Glenwood, Illinois). The initial dosimetry was per-

formed by inserting TLDs into mouse carcasses in the inguinal

area near femurs to estimate the radiation-absorbed dose to the

bone marrow. These values were used to set the radiation expo-

sure times for experimental runs. The experimental doses were

evaluated based on measurements of TLDs taped to either the

center of turntable (X-RAD 320 Unit) or the outside of expo-

sure tubes (Gammacell-1000 Unit).

Cell isolation and transfer. Mice were euthanized and bone mar-

row and spleen cells isolated as previously described.13 Bone

marrow cells from nonirradiated donor animals were further

washed in Hanks’ balanced salt solution (HBSS) and resus-

pended at a concentration of 1 � 107 in 0.2-mL HBSS without

fetal bovine serum. Twenty-four hours after irradiation, recipi-

ent mice were given an IV transfer of 10 � 106 healthy bone

marrow cells from either nonirradiated C.B-17 mice or B10.D2

mice representing syngeneic and allogeneic bone marrow

transplantation, respectively. Both of these groups of mice

were analyzed 6 weeks later for bone marrow reconstitution.

Flow cytometric analysis. At 6 weeks postirradiation and bone

marrow transfer, mice were euthanized and flow cytometric

staining of splenocytes was used to assess the percent

Gott et al 3



hematopoietic cell reconstitution and bone marrow engraft-

ment. To determine the extent of allogeneic engraftment, PE

anti-Sca-1 (Ly-6A.2 clone CT-6A.2, Caltag/Invitrogen, Carls-

bad, CA) was used. This marker distinguishes cells of recipient

and donor origin as it is expressed on >50% of spleen lympho-

cytes from strain B10.D2 and <5% of C.B-17 spleen lympho-

cytes. Cells were analyzed using a FACS Calibur (BD

Biosciences, San Jose, CA) and FlowJo (TreeStar/FlowJo LLC,

Becton Dickinson, Ashland, OR) software. Cells were gated on

live lymphocyte population as determined by forward scatter

and side scatter.

Results

Radiation Doses

Radiation dose information for our split-dose, whole-body irra-

diation of C.B-17 mice is presented in Table 1 and is arranged

by paired low-, mid-, and high-dose groups for X-rays and g
rays. Intended doses (called target dose) based on irradiator

unit settings and estimated radiation doses (range) based on

dose monitoring (as described in section “Dosimetry”) are pre-

sented. The X-ray doses were intended to be about a factor of

1.3 lower than g-ray doses (X-ray relative biological effective-

ness [RBE] of 1.3 assumed).

Radiation Cytotoxicity In Vivo

Figure 1A and B shows our in vivo cytotoxicity results eval-

uated 24 hours after split-dose, whole-body, X-ray or g-ray

exposure of C.B-17 mice, based on bone marrow and spleen

cellularity. RBE-weighted total dose in gray (Gy) was used

instead of unweighted total dose also in gray,14 to facilitate

evaluating whether the doses used for the low-, mid-, and

high-exposure groups were equivalent for the 2 radiation

sources (X-RAD 320 and Gammacell-1000 irradiators).

X-ray RBEs (relative to g rays) used here for dose weighting

are based on an earlier modeling study of our in vivo cytotoxi-

city data that were published after completion in 2013 of the

experiments described in this article.13

For the g-ray reference used in this publication, RBE ¼ 1

was used irrespective of the biological target of interest. For

bone marrow damage, an X-ray RBE of 1.35 (central estimate)

was used and for spleen damage, and an X-ray RBE of 0.76

(central estimate) was used. These RBE values are based on

findings in our published modeling study.13 Since for X-rays

our experimental study design used X-ray RBE ¼ 1.3 (relative

to Cs-137 g rays), as expected our results for bone marrow

cytotoxicity for the 2 radiation sources were consistent when

RBE-weighted dose is used. By “consistent,” we mean that the

corresponding data points for the low-, mid-, and high-

exposure groups are closely spaced along the dose axis and are

scattered about the smooth cytotoxicity hazard curve. The

curve is the same as our published curve for Cs-137 g rays,

in which RBE-weighted dose was not used.13

For X-ray cytotoxicity to the spleen, we had an unexpected

result as paired (X-ray vs g rays) exposure groups (low, mid,

high) based on X-ray RBE ¼ 1.3 used in the study design were

not even close to being equally effective, as revealed in our

published modeling study.13 Rather than RBE being around

1.3, it was found in the modeling study to be 0.76 (central

estimate as indicated above). This means that for spleen dam-

age, g rays from the Gammacell-1000 Unit were more dama-

ging than X-rays from the X-RAD 320 Unit, unlike for bone

marrow cytotoxicity where X-rays were more damaging. The

results in Figure 1B for cytotoxicity to splenocytes are based on

the use of X-ray RBE ¼ 0.76 for dose weighting rather than

RBE ¼ 1.3. Note that with the X-ray RBE used, the corre-

sponding data points for the low-, mid-, and high-exposure

groups for X-rays and g rays are not close together along the

dose axis but still scatter about the smooth curve for the cyto-

toxicity hazard that is based on our published model. The curve

is the same as our published curve for Cs-137 g.13

With our published dose–response model used to obtain

results in Figure 1A and B, we can evaluate bone marrow and

splenocyte ablation (eg, percentage of the target cells that are

ablated). The cytotoxicity hazard curves in Figure 1A and B

were used for tissue ablation evaluations as the target cell

ablation is related to the cytotoxicity hazard through the fol-

lowing equation13:

A Dj

� �
¼ 1� S Dj

� �
¼ 1� exp �H Dj

� �� �
: ð1Þ

The function A(Dj) (introduced here for the first time),

which takes on values from 0 to 1, is the fraction of the target

cells that are expected to be ablated, S(Dj) is the fraction that is

expected to survive, and H(Dj) is the cytotoxicity hazard (a

measure of cellular damage) plotted in Figure 1A and B. Dj

is the dose for radiation type j (“j ¼ x” for X-rays and “j ¼ g”

for g rays). The cytotoxicity hazard is evaluated as a function of

Dj and 2 parameters D50, j and v. The parameter D50, j is the

dose that is expected to kill 50% of the target cells. The para-

meter v (called shape parameter) determines the shape of the

dose–response curve for H(Dj), which is evaluated based on the

following equation13:

H Dj

� �
¼ ln ð2Þ½ � Dj

D50;j

� �v
: ð2Þ

The X-ray RBE relative to g rays is evaluated as the ratio

D50, g/D50, x and is independent of the X-ray dose since v is

modeled as being the same for the different photon radiation

sources of interest (X-rays and g rays). However, the shape

Table 1. Target (Intended) and Measured Absorbed Radiation Doses.

Dose Group

X-Ray (XRAD 320)
Target Doses (Range
Measured Outside

Restrainer), Gy

g-Ray (Gammacell-1000)
Target Doses (Range
Measured Outside

Restrainer), Gy

Low-dose group 1.56 (1.67-2.01) 2.03 (2.42-3.14)
Mid-dose group 3.09 (3.10-3.39) 4.01 (4.49-5.74)
High-dose group 4.62 (4.42-4.86) 6.00 (6.06-7.11)
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parameter v is allowed to be different for different target cell

populations and may also be different when comparing high-

(eg, a particles, heavy ions, neutrons) and low-LET radiations

(eg, g rays).13 For bone marrow ablation, central estimates of

D50, g and D50, x are 0.17 and 0.134 Gy, respectively, and the

central estimate of v is 0.288.13 For splenocyte ablation, central

estimates of D50, g and D50, x are 0.0.0871 and 0.112 Gy,

respectively, and the central estimate of v is 0.382.13 The cen-

tral estimates are “means of distributions” obtained using

Bayesian inference.13 The central estimate of the X-ray RBE

(¼1.35) for bone marrow ablation is also the mean of the RBE

distribution obtained rather than the ratio of central estimates

for D50, g and D50, x.

Figure 2 shows central estimates of dose–response rela-

tionships for bone marrow and splenocyte ablation as

a function of RBE-weighted dose for split-dose, whole-

body, g-ray and X-ray irradiation of C.B-17 mice. The abla-

tion is, however, expressed as a percent (%) rather than the

corresponding fraction. Calculations are based on model

parameters for g rays (our reference for RBE evaluation).

Note the “steep rise” in the expected target ablation at doses

less than 1 Gy. Unfortunately, we did not have experimental

Figure 1. Cytotoxicity hazards (24 hours postirradiation) for split-dose, whole-body X-ray or g-ray exposure of C.B-17 mice as a function of
relative biological effectiveness (RBE)-weighted dose in gray (Gy). (A), bone marrow; (B), splenocytes. Squares indicates g-ray data; triangles, X-
ray data; smooth curves, modeled cytotoxicity hazards (central estimate [mean] via Bayesian analysis) based on both X-ray and g-ray data and
central estimates of v (0.288 for bone marrow; 0.382 for splenocytes) and D50 (0.17 Gy for bone marrow; 0.0871 Gy for splenocytes)13; upper
dashed curves, upper estimates based on modeling results with 5% (percentile) values for D50 (0.068 Gy for bone marrow and 0.033 Gy for
splenocytes); lower dashed curves, lower estimates based on modeling results with 95% (percentile) value for D50 (0.32 Gy for bone marrow
and 0.16 Gy for splenocytes). D50 is the median effective dose expressed as RBE-weighted dose. See main text for mathematical expression
(Equation 2) used to obtain the curves in (A) and (B).

Figure 2. Central (smooth curve), upper (top dashed curve), and lower (bottom dashed curve) estimates of ablation (%) of bone marrow cells
(A) and splenocytes (B) after split-dose, whole-body X-ray or g-ray irradiation of C.B-17 mice, evaluated 24 hours after irradiation. Dose–
response curves are based on the smooth curves in Figure 1A (bone marrow) and B (splenocytes) and Equation 1 in the text that relates the
ablation A(Dj) to the cytotoxicity hazard H(Dj). Dj, however, is replaced by the relative biological effectiveness (RBE)-weighted dose as it is the
dose that is used since its use applies to both X-rays and g rays. For g rays, the RBE-weighted dose and the g-ray absorbed dose (Dg) are the
same. Data points are excluded here as the focus is on central risk estimates and the related uncertainties.
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data below 1 Gy to confirm the modeling results for low

doses (ie, below 1 Gy). Future studies will include radiation

doses less than 1 Gy to confirm these modeling results for

low doses.

Reconstitution of the Hematopoietic System

As implicated in Figure 2, radiation doses used for both radia-

tion types spared some bone marrow and spleen cells at all

radiation doses used (up to 7 Gy RBE-weighted dose). We,

therefore, investigated whether the C.B-17 mice were capable

of reconstituting their hematopoietic system without bone mar-

row transplantation. Figure 3A and B, which is based on expo-

sure groups (target dose is used to represent each exposure

group), shows the reconstitution results obtained at 6 weeks

postradiation exposure. Figure 3A illustrates that mice irra-

diated with X-rays or g rays reconstituted their bone marrow

to a similar extent (P¼ .34). In addition, when comparing the 3

exposure groups for each irradiator, no significant difference in

bone marrow cell reconstitution was found for either X-rays or

g rays. In contrast, although spleen cell reconstitution was sim-

ilar when comparing the 2 radiation types without regard to

dose group (P¼ .09 by 1-way analysis of variance [ANOVA]),

when considering the various g-ray dose groups, a dose asso-

ciation was revealed by 1-way ANOVA (P ¼ .05) with the

largest spleen cell reconstitution deficit observed in mice in

the high-dose group (Figure 3B: high vs mid group, P ¼
.034; high vs low group, P ¼ .038; results for these and sub-

sequent pairwise comparisons are based on Fisher protected

least significant difference [PLSD] post hoc test). This is con-

sistent with findings in our modeling study where one focus

was on a possible negative correlation between the cell counts

and radiation dose as evaluated using TLD measurements

rather than target doses.13 A significant negative correlation

(r ¼ �0.712, P < .01) was found between the multiple cell

counts for spleen and the corresponding measured g-ray doses.

In addition, a significant negative correlation (r ¼ �0.54,

P < .05) was found between the multiple cell counts for bone

marrow and the corresponding measured g-ray doses. The neg-

ative correlations implicate reconstitution deficits after the high

g-ray doses used, and a threshold-type, dose–response model

was introduced for characterizing the reconstitution deficit.13

No significant radiation exposure-level association was

inferred by 1-way ANOVA (P ¼ .29) for mice irradiated with

X-rays when considering splenocyte reconstitution. This find-

ing is essentially the same as was obtained using correlation

analyses based on TLD measurements of dose as was previ-

ously published.13 The absence of a significant radiation effect

on reconstitution of cellularity at 6 weeks postradiation expo-

sure may be related to biological effective doses (as reflected

by RBE-weighted dose) being too low for the X-ray exposures

conducted.

Acute Lethality

Whole-body X-ray doses (split-dose exposure) as high as 4 to 5

Gy (rounded absorbed doses) and g-ray doses as high as 6 to 7

Gy (rounded absorbed doses) were not lethal, even though most

of the irradiated bone marrow cells and splenocytes were killed

by such doses (see Figure 2). The C.B-17 mice demonstrated

remarkable cellular recovery from such damage even without

the benefit of bone marrow transplantation (see Figure 3).

Bone Marrow Transplantation

In spite of the fact that radiation doses used in this study were

nonlethal, we performed bone marrow transplantation using the

Figure 3. Reconstitution (6 weeks postirradiation) of bone marrow cells (A) and splenocytes (B) of C.B-17 mice after split-dose, whole-body X-
ray or g-ray irradiation (n ¼ 6 mice/dose/irradiator, n ¼ 3 for nonirradiated controls). Target dose (unweighted) is used to indicate exposure
groups (controls, low, mid, high) rather than actual doses. The symbol “*” indicates a dose–response relationship existed when comparing the g-
ray exposures as regard to splenocyte reconstitution with doses for the high (6.0 Gy intended dose) exposure group leading to the significantly
lower spleen cell reconstitution (P ¼ .05 overall by 1-way analysis of variance; high < mid, P ¼ .034 and high < low, P ¼ .038 [panel B], with all
pairwise comparisons being based on the Fisher protected least significant difference post hoc test). See the main text for an explanation of these
findings.
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C.B-17 mice as recipients. The indicated mice were irradiated

and 1 day later transplanted with approximately 10 � 106 C.B-

17 (syngeneic) or B10.D2 (allogeneic) bone marrow cells by

IV injection.

As weight loss is a symptom of both transplant rejection and

graft-versus-host disease,15,16 weight changes were monitored.

Figure 4A shows the weight changes following syngeneic bone

marrow transplantation and Figure 4B shows the changes after

allogeneic bone marrow transplantation. When weight changes

were analyzed by repeated measures ANOVA, mice irradiated

by either irradiator showed significantly more weight loss than

unirradiated mice (P < .0001). In addition, significant differ-

ences for the different exposure groups (controls, low, mid,

high) were revealed (P ¼ .0006 considering syngeneic trans-

plantation and <.0001 considering allogeneic transplantation).

In addition, transplantation with syngeneic bone marrow led to

greater eventual weight gain than allogeneic bone marrow

transplantation, regardless of the type of radiation (P ¼ .01 for

X-rays and .05 for g rays).

Figure 5A (syngeneic transplant groups) and B (allogeneic

transplant groups) shows reconstitution results for bone

marrow based on bone marrow cells harvested 6 weeks after

split-dose radiation exposure. Target dose is used to indicate

exposure group. Corresponding results for spleen are pre-

sented in Figure 5C (syngeneic transplant groups) and D

(allogeneic transplant groups). Overall, bone marrow cell

numbers after either syngeneic or allogeneic bone marrow

transplant were significantly increased compared to mice

that received no bone marrow transplant (compare Figure

5A and B to Figure 3A; syngeneic, X-rays: P < .0001; syngeneic,

g rays: P ¼ .0006; allogeneic, X-rays, P ¼ .0007; allogeneic, g
rays: P < .0001, all comparisons by 1-way ANOVA). In contrast,

bone marrow transplantation did not lead to greater spleen

cellularity as compared to when mice were left without a trans-

plant postradiation (compare Figure 5C and D to Figure 3B).

Syngeneic bone marrow reconstitution was significantly

less after g-ray exposure as compared to both X-ray exposure

and no radiation exposure controls (Figure 5A) as revealed by

1-way ANOVA (P¼ .03). Allogeneic bone marrow reconstitu-

tion after X-ray exposure was significantly less than no radia-

tion exposure control bone marrow levels (Figure 5B, P ¼ .04)

but was similar to that observed after g-ray irradiation. No

association with radiation exposure level was revealed when

analyzing bone marrow cell numbers after exposure to either

type of radiation.

When spleen cell reconstitution was compared between irra-

diated mice, no significant differences were identified when

comparing radiation types in either syngeneic or allogeneic

bone marrow recipients. However, a radiation exposure–level

association was inferred by 1-way ANOVA when considering

mice that were irradiated by X-rays and given an allogeneic

bone marrow transplant with higher doses of X-rays leading to

less splenocyte reconstitution (P ¼ .004). Overall, however, no

differences were observed in splenocyte reconstitution when

comparing the 2 types of radiation in either syngeneic or allo-

geneic bone marrow recipients, and there was no significant

difference in the number of splenocytes after irradiation and

bone marrow transplant compared to splenocyte number of no

radiation exposure controls (Figure 5C and D).

Finally, the effect of radiation source on allogeneic donor

bone marrow reconstitution was analyzed using antibodies to

the Sca1 cell-surface marker on splenocytes. Sca1 is expressed

on >50% of spleen lymphocytes from strain B10.D2 but <5%
of C.B-17 spleen lymphocytes. Therefore, the vast majority of

Figure 4. Percent weight change of C.B-17 mice irradiated that were transplanted with either syngeneic (A) or allogeneic (B) bone marrow and
monitored for weight loss over the next 6 weeks. (n ¼ 6 mice/dose/irradiator). Weight change was evaluated (+ standard error of the mean)
relative to from day 0, prior to irradiation. Days indicated on the horizontal axis represent average weight change measured on the day indicated
+ 3 days up through day 20 (ie, day 5 represents weights measured on days 2-6, day 10 represents days 7-11, day 15 represents days 12-16, day
20 represents days 17-21). Day 30 weights represent the average of weights measured on days 22 to 31 and day 40 weights represent the
average of weights measured on days 32 to 42. See the main text for an explanation of these findings.
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Sca1þ cells can be presumed to be of donor (B10.D2) origin

when observed in C.B-17 mice receiving an allogeneic bone

marrow transplant. Figure 6B shows that target g-ray doses of

either 4.01 or 6.0 Gy resulted in significantly greater spleen cell

reconstitution with cells of B10.D2 donor origin as judged by

the percentage of Sca1þ cells compared to X-ray irradiation.

Figure 6A shows the background Sca1þ expression in spleens

6 weeks after reconstitution of irradiated C.B-17 mice with

Figure 5. Bone marrow cells and splenocyte reconstitution (6 weeks postirradiation) in split-dose, whole-body X-ray or g-ray irradiated C.B-
17 mice transplanted after irradiation with either syngeneic (A, C) or allogeneic (B, D) bone marrow (n ¼ 6 mice/dose/irradiator, n ¼ 13 for
nonirradiated controls). The symbol “*” indicates significantly less syngeneic bone marrow reconstitution after g-ray exposure as compared to
both X-ray exposure and no radiation exposure controls (A) as revealed by 1-way analysis of variance (P¼ .03). See the main text for our further
explanation of these findings.

Figure 6. C.B-17 mice were irradiated using either the 320-kV X-rays or 137Cs g rays with the dose groups (categorical variables) indicated on
the x-axis, transplanted with either syngeneic (A) or allogeneic (B) bone marrow. Six weeks later, percentage of Sca1þ cells were enumerated by
flow cytometry (n ¼ 6 mice/dose/irradiator). Fourteen unirradiated C.B-17 mice were euthanized to obtain unirradiated control cell numbers
(none). * indicates significantly higher Sca1þ levels comparing g rays to X-rays, P < .007 for all comparisons.
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C.B-17 (syngeneic) bone marrow. Figure 6B shows Sca1þ cell

percentage in bone marrow cells after allogeneic (B10.D2)

bone marrow transplantation. One-way ANOVA showed that

irradiation with g rays induced significantly different Sca1þ
cell percentage as compared to either no irradiation or X-ray

irradiation (P < .0001) of C.B-17 mice when analyzed 6 weeks

after allogeneic bone marrow transplantation. In addition, a

dose–response relationship was implicated for the g ray target

dose levels, with the lowest level used (2.03 Gy) being associ-

ated with significantly less Sca1þ cell reconstitution in the

spleen compared to the 2 higher levels (4.02 and 6.0 Gy; P <

.003 for all pairwise comparisons which are based on the PLSD

post hoc test). The effects of the mid (4.02) and high (6.0) g-ray

target dose levels were not significantly different from each

other, but both were significantly different than the correspond-

ing target X-ray dose level (percent Sca1þ: P¼ .0012 compar-

ing mid-dose levels and < .0001 comparing high-dose levels).

We also performed correlation analyses of the posttrans-

plantation cell count data versus TLD measurements of radia-

tion dose for both X-rays and g rays. Results are presented in

Table 2. In these analyses, the cell count for a given organ was

divided by the animal’s body weight to adjust for different

animal sizes. A significant negative correlation (r ¼ �0.385,

P < .05) was found for the syngeneic transplantation group

exposed to g rays, implicating a reconstitution deficit for high

doses for this group. No evidence of a reconstitution deficit was

found for X-ray-exposed mice. This likely relates to the X-ray

doses used not being high enough to cause a reconstitution

deficit after bone marrow transplantation.

Discussion

This is the first study, to our knowledge, directly comparing the

effectiveness of filtered X-RAD 320 X-rays and Gammacell-

1000-irradiator g rays in producing bone marrow chimeric

mice. The bone marrow transplantation study was undertaken

in order to determine whether the X-RAD 320 irradiator would

be a good substitute for solid source, g-ray irradiators such as

the Gammacell-1000 Unit due to the homeland security con-

cerns of the latter. We compared the efficacy of filtered 320-kV

X-rays and filtered Cs-137 g rays in bone marrow transplanta-

tion studies focused on ablating bone marrow and spleen cells

in recipient mice and reconstitution in bone marrow chimeric

mice. A critical question is whether the X-RAD 320 irradiator

X-rays have high-enough energy for adequate tissue penetra-

tion of experimental study mice to allow for successful bone

marrow transplantation study in a split-dose design.

Two factors critical to successful allogeneic bone marrow

reconstitution in host mice are (1) sufficient bone marrow abla-

tion to make space for donor bone marrow as well as prohibit

bone marrow rejection and (2) adequately suppressed host

hematopoietic activity so that the transplanted donor bone mar-

row can out compete any residual host bone marrow cells and

splenocytes in repopulating the host’s hematopoietic cells.16

Our results suggest that unlike filtered high-energy Cs-137

g-ray photons, X-RAD 320-Unit, X-ray photons (with some

low-energy photons removed via filtration) may still not have

high-enough energy for successful allogeneic bone marrow

transplantation studies in small rodents. The intended doses

(target doses) of g rays were selected based on findings from

a literature search and the desired doses of X-rays were chosen

based on our preliminary estimate of the X-ray RBE (¼1.3)

relative to g rays. The RBE estimate is based on data from

several studies for different end points using different energy

photons.17-21 Thus, a target X-ray dose of 4.62 Gy (intended

rather than measured dose) was chosen to compare to the high-

est target dose of g rays (6.0 Gy g rays; 6.0/1.3 ¼ 4.62 Gy X-

rays). Measured radiation doses obtained using TLDs are

expected to be proportional to the average absorbed radiation

dose to bone marrow. Thus, the shape of dose–response rela-

tionships obtained based on TLD-derived doses is expected to

reflect the shape that would be obtained if average absorbed

dose to bone marrow was used instead. It should be noted that

evaluating average absorbed dose to bone marrow of mice, a

major undertaking as reflected by the dosimetric studies of

Azimi et al22, was beyond the scope of our research. In addi-

tion, absorbed radiation doses for the spleen could not be

directly evaluated with our experimental design and possibly

radiation dose assignments for spleen based on in-air TLD

measurements may be overestimated. This would be expected

Table 2. Correlation r and Significance (P Value) for 6 Weeks Postradiation Exposure Organ Cell Count (Per Unit Body Weight)a Versus the
Radiation Dose (in Gray) for C.B-17 Mice Receiving Syngeneic or Allogeneic Bone Marrow Transplantation After Irradiation.

Organ Radiation Type Transplantation Type Degrees of Freedomb Correlation r P

Bone marrow g rays Syngeneic 30 �0.385 <.05c

Bone marrow X-rays Syngeneic 30 þ0.012 >.5
Bone marrow g rays Allogeneic 29 �0.149 >.2
Bone marrow X-rays Allogeneic 30 �0.234 >.1
Spleen g rays Syngeneic 31 þ 0.115 >.5
Spleen X-rays Syngeneic 30 þ 0.108 >.5
Spleen g rays Allogeneic 30 �0.013 >.5
Spleen X-rays Allogeneic 30 �0.287 >.1

aCell counts (cellularity) obtained were divided by body weight to adjust for different body sizes.
bNumber of data points used minus 2. Controls from g-ray and X-ray studies were combined.
cA significant dose–response relationship implicating a cell population recovery deficit at high doses even after bone marrow transplantation.
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to be less of an issue for the higher energy g rays than for the

lower energy X-rays.

Only mice with intended g-ray doses (ie, target doses) of

4.01 or 6.0 Gy g rays (measured dose range: 4.49-7.11 Gy)

engrafted donor allogeneic bone marrow as demonstrated by

donor-specific (B10.D2) cell phenotype markers in the recipi-

ent mice (C.B-17) spleen cell population 6 weeks after bone

marrow transplantation (Figure 6B). The failure of filtered 320-

kV X-rays at the highest exposure level (target dose 4.62 Gy) to

allow for allogeneic bone marrow engraftment was unexpected

due to the fact that ablation of bone marrow was quite similar to

that for our highest g-ray dose measured 24 hours after irradia-

tion (Figure 1A) and that the RBE-weighted doses were quite

similar for the highest X-ray (RBE ¼ 1.35, central estimate)

and g-ray (RBE ¼ 1) exposure groups.13

Although the bone marrow ablation at 24 hours was similar

between doses and radiation types, significantly more spleno-

cytes were spared by X-ray irradiation as compared to corre-

sponding g-ray irradiation. This may be explained on the basis

of the X-ray RBE for ablating splenocytes unexpectedly being

found to be significantly less than 1 (RBE ¼ 0.76, central

estimate). This can be seen from the results in Figure 1B where

X-ray data points are shifted to the left compared to their loca-

tions in Figure 1A, where the X-ray RBE was found to be 1.35

(central estimate) for bone marrow cytotoxicity. However, an

alternative explanation could be that the RBE < 1 for X-ray

effects on splenocytes may be a systematic error related to the

absorbed radiation dose to spleen not being directly estimated

but rather being based on in-air TLD measurements in air.

Stated differently, the absorbed X-ray dose to spleen may be

significantly less than the dose assigned based on our TLD

measurements. A systematic error of 1.35/0.76 (RBE estimates

ratio) �1.8 would explain the result; however, such a large

systematic error is unlikely, given that for killing bone marrow

cells by X-rays the central estimate of the RBE is 1.35, which is

quite close to the value of 1.3 used in the study design.13

As murine hematopoiesis has been shown to take place not

only in the bone marrow but also in the spleen,23,24 splenocyte

survival may be a significant contributing factor in the ability

of the X-ray-irradiated mice to have repopulated their hemato-

poietic system with their own cells, rather than donor bone

marrow. In addition, it is interesting to note that the lowest

exposure level used for g rays (target dose 2.03 Gy) spared

significantly more splenocytes than the other 2 higher g-ray

exposures and the low g-ray exposure did not allow for allo-

geneic bone marrow engraftment.

None of the g-ray nor X-ray doses used caused acute leth-

ality (no proven deaths from acute radiation effects), suggest-

ing that mice irradiated at the exposure levels used were

capable of reconstituting their own hematopoietic system with-

out donor bone marrow. This was borne out by enumerating

bone marrow and spleen cell numbers 6 weeks after irradiation

in the absence of bone marrow transplantation (Figure 3).

Although bone marrow reconstitution was similar using either

radiation source, spleen cell reconstitution was significantly

lower in mice in the highest g-ray exposure group (target dose

6.0 Gy). Interestingly, mice in this group were able to accept

allogeneic bone marrow. As shown in Figure 2, more than 90%
of splenocytes and more than 75% of bone marrow cells would

be expected to be ablated by a g-ray dose of 6.0 Gy or higher

(same as RBE-weighted dose of 6.0 Gy or higher).

Figure 4 shows the percentage weight change over time of

irradiated C.B-17 mice that were transplanted with either syn-

geneic (4A) or allogeneic (4B) bone marrow and monitored for

weight loss over the following 6 weeks. For weight loss eval-

uated for 5 days postirradiation (an average of results for days

2-6 postirradiation), the highest exposure levels used for X-rays

and g rays were clearly not equivalent and also indicate an RBE

< 1 for X-rays relative to g rays for this end point. However, a

detailed evaluation for RBE for weight loss as a function of

radiation dose is beyond the scope of the research conducted as

there is no formal dose–response model for weight change

profile for a given follow-up time.

Bone marrow transplantation led over time to significantly

increased levels of bone marrow cells (Figure 5A and B) as

compared to mice that did not receive bone marrow transplan-

tation (Figure 3A and B), but no more spleen cells (Figure 5C

and D) than when mice did not receive a bone marrow trans-

plant. For bone marrow, a significant cell population reconsti-

tution deficit after high-dose, g-ray exposure was implicated

even after bone marrow transplantation (Table 2), when eval-

uated 6 weeks after radiation exposure. This was not the case

for high-dose X-rays and likely relates to the highest X-ray

exposure level used being too low to cause a deficit. Regarding

the reconstitution of specific subsets of lymphocytes in the

spleen following bone marrow transplantation, this will be a

subject of follow-on research if future support is achieved.

Our findings suggest that C.B-17 mice irradiated with any of

the measured X-ray doses involved in this study (1.56-4.62

Gy), or the lowest measured dose of g rays (2.03 Gy), rejected

the donor allogeneic B10.D2 bone marrow and reconstituted

their hematopoietic system using their own residual hemato-

poietic cells. Less than optimal allogeneic engraftment using g-

ray doses lower than 5.5 Gy were found by Down et al.25

However, dose rate, dose fractionation, and interfraction time

interval were all considered modifiers of outcome observed.25

Previous studies at our Institute using 8 to 11 Gy X-rays

(single-dose) from a 260-kVp Philips Therapy Unit led to wide-

spread mortality even after bone marrow transplantation

(unpublished data). Serious damage to multiple organs may

have been involved given the dose range indicated and higher

linear energy transfer photon radiation source. In addition, it is

well known that the mouse strain,26 interval between fractio-

nated dose delivery,25,26 and dose rate25 can all affect the suc-

cess of bone marrow transplant and subsequent engraftment.

Based on the indicated studies, it might be expected that using

single doses of X-rays greater than 8 Gy would not allow for

successful bone marrow transplantation. But what about split-

dose X-rays with total doses exceeding 8 Gy?

Bone marrow chimeric mice were successfully produced by

another research group using the split-dose study design and an

X-RAD 320 irradiator when the total dose was 8.5 Gy.27 In
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order to produce bone marrow chimeras, CD45.1 congenic

(B6.SJL-Ptprca) mice were first irradiated using the

split-dose design (total dose 8.5 Gy from 2 fractions of 4.25

Gy 4 hours apart). The next day, recipients were given 107 bone

marrow cells via IV injection into the mouse tail. The mice

were held for 8 weeks before evaluating results. For chimeras

reconstituted with retrovirally transduced bone marrow cells,

recipients each received 5 � 105 transduced bone marrow cells

and 106 unmanipulated B6.SJL-Ptprca bone marrow cells. Had

we used a similar X-ray dose, our bone marrow transplantation

may have also been successful. Based on this, it is reasonable to

conclude that the X-RAD 320 Unit is suitable for bone marrow

transplantation studies using mice.

Gibson et al compared Cs-137 g rays (Gammaell 40;

MSD Nordion, Ottawa, Ontario, Canada) and X-rays (Rad

Source 2000 X-ray Biologic Irradiator; Rad Source Tech-

nologies, Alpharetta, Georgia) in bone marrow transplant

reconstitution in C57Bl/6J mice. Mainly, 4 radiation doses

(0.5, 7, 9, and 11 Gy) were used for each radiation source

(ie, X-ray RBE relative to g rays was not taken into

account). Both X-rays and g rays sufficiently ablated endo-

genous bone marrow (and likely also spleen) to allow for

stem cell engraftment. However, distinct physiologic

responses were revealed that need to be considered when

selecting the best radiation source. Interestingly, Cs-137 g
rays were found to be associated with lower overall mor-

bidity related to opportunistic infection.5 This finding impli-

cates an X-ray RBE > 1, relative to g rays, for inducing

opportunistic infection-related morbidity in C57Bl/6J mice.

As shown in Figure 2, the cytotoxicity dose–response rela-

tionships for bone marrow cells and splenocytes are different

and have complex shapes involving negative curvature

(ie, decreasing slope as radiation dose increases). The nega-

tive curvature may relate to mixed cell populations comprised

of large numbers of hypersensitive, modestly radiosensitive,

and resistant cells.13 DNA repair capacity differences and

bystander effect differences between different cell types that

are involved in tissue homeostasis may also be important.

Additional studies are needed to resolve key uncertainties

related to acute and delayed radiobiological effects in the

spleen and bone marrow of 320 kV X-rays from the X-RAD

320 irradiator, especially for somewhat lower and higher

radiation doses than we have used. This is the focus of new

studies being initiated by our research group, which will

involve single rather than split doses. The single-dose design

should help with resolving different dose–response relation-

ships for different cell types.

Conclusions

Our highest 2 levels (both sublethal) of Cs-137 g rays ablated

sufficient bone marrow (>75% but <95%) and splenocytes

(>80% but <100%) to permit successful syngeneic and allo-

geneic bone marrow transplantation in C.B-17 mice. In con-

trast, because the X-ray RBE for ablating splenocytes was

unexpectedly <1 (central estimate 0.76) when expected to be

about 1.3 (used in study design), bone marrow transplantation

was not successful at even the highest 2 levels of 320-kV,

X-rays used. However, as demonstrated by another research

group, successful transplantation can be achieved using

a higher dose. It remains to be determined what subset of bone

marrow or spleen cells are hypersensitive or resistant to radia-

tion and new studies are being initiated to address this key

uncertainty.
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