
Abstract. Earlier, we reported that the local exposure of
femoral bone marrow to a clinically-relevant course of
fractionated radiotherapy [FxRT; 2.0 Gy (q24h x 5)→74 Gy]
resulted in the delayed appearance of a stromal lesion which
temporally appeared after exposures to a threshold dose of 20
Gy FxRT. To further define this threshold dose, the temporal
recovery of blood-forming elements (“cobblestone area”
forming colonies; CAFC7-28d) and the microenvironmental
stroma (long-term bone marrow cultures; LTBMC) of the
marrow was examined over a 17-week period following 10 and
30 Gy FxRT. After a subthreshold dose of 10 Gy, each of the
4 CAFC subpopulations were significantly dampened, with
recovery initiated within a 6-week interval of 10 Gy of FxRT.
Above the threshold dose (30 Gy FxRT), the CAFC
subpopulations were again reduced to a level similar to that
observed with 10 Gy FxRT. However, after exposures to 30 Gy
FxRT, CAFC recovery was significantly well beyond the 6-week
interval observed with a 10 Gy Dose of FxRT. Similarly, cell
production in LTBMC prepared from marrow exposed to
either 10 or 30 Gy FxRT was significantly dampened for at
least 3 weeks following the FxRT. Moreover, while cell
production in LTBMC derived from marrow exposed to 10 Gy
was eventually restored to normal, the dampened cell
production observed in LTBMC prepared after 30 Gy FxRT
persisted for a period in excess of 17 weeks. Collectively, these
observations provide additional support to our earlier
observation suggesting that FxRT generates two forms of dose-
dependent damage in the marrow: the first an early lesion

arising in the blood-forming CAFC subpopulations; the second
form, a delayed lesion that involves the persistent expression of
a dysfunctional microenvironmental phenotype, appearing to
disrupt the normal regulation of hematopoietic stem cell
(HSC) proliferation and differentiation of the HSC during the
recovery process. 

While hematopoiesis occurs at a multiplicity of sites in the

mammalian body, on an individual basis, many of these sites

reside outside the radiation field during conventional

radiotherapy (xRT). Nonetheless, the bone marrow is still

viewed as a radiation dose-limiting tissue and, as a result,

continues to be the subject of considerable interest and

investigation. Collectively, studies have given rise to the

generally-accepted premise that the hematopoietic response

to xRT represents the net result of interactions occurring

between the blood-forming (stem/ progenitor) cell and the

hematopoietic inductive microenvironmental (stromal)

compartments of the marrow (1, 2). Unlike its stromal

counterpart, the blood-forming compartment is seen as an

overlapping age-generation hierarchy (3), where cells,

arranged from the most primitive to the most mature

hematopoietic stem cell (HSC) and progenitor cell

subpopulations, demonstrate a progressive decrease in

radiosensitivity with increasing HSC maturation (4, 5). Since

it was originally proposed, additional support for this

hierarchy has been provided by the identification of a

corresponding set of temporally-linked HSC that arise as

stromal-cell-dependent "cobblestone area" forming cell

(CAFC) colonies (6-8). In conjunction with a syngeneic

chimeric mouse engraftment model, the CAFC assay, which

has also been used to define HSC radiosensitivity, has

demonstrated ·/‚ parameters for early and late radiation

responses of short-term repopulating (STR) and long-term

repopulating (LTR) HSC (5). 

In addition to these blood-forming cells, the

hematopoietic inductive microenvironment (HIM) or

"stroma" also contributes, albeit more indirectly, to the

hematopoietic response to xRT. Originally recognized by
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the radiosensitivity of a stromal-fibroblast progenitor (the

CFUf), and characterized by a broad shoulder and elevated

D0 values (9, 10), this CFUf, not unlike the LTR HSC,

demonstrates an appreciable dose-rate sparing effect in

response to both in vivo and in vitro abbreviated courses of

fractionated xRT (FxRT; 10, 11). More recently, HIM

radiosensitivity also has been assessed using the in vitro
long-term bone marrow culture (LTBMC) where, following

irradiation in situ, the maintenance of hematopoietic cell

production within the LTBMC for extended intervals is

significantly compromised (12-14). Furthermore, the

adherent cellular layer of the LTBMC is currently viewed as

being responsible for the expression of regulatory

hematopoietic factors and adhesion factors, which are

believed to represent hematopoietic "niches" for the HSC

(13). Moreover, LTBMC studies have led to the recognition

of two forms of radiation-induced damage to the HIM; one

that affects the proliferative potential of the "stromal" cells

(vis-à-vis, the ex vivo establishment of the adherent layer of

the LTBMC), and a second that restricts the functional

integrity of the HIM to support hematopoietic activity (13,

14). Of interest, these two forms of damage also have been

distinguished by their respective radiosensitivities; (a) the

proliferative potential of stromal cells being exquisitely

more sensitive to radiation damage than the "relatively"

radioresistant supportive function of the HIM (13), and (b)

the expression of proliferative damage appearing to be

inversely proportional to the time between exposure and

analysis and, as a result, suggestive of significant potentially

lethal damage (14).

Unfortunately, our understanding of the hematopoietic

response to xRT has been derived, for the most part, from

studies involving single doses or very abbreviated courses of

FxRT. More recently, however, this laboratory has reported

on the kinetics of radiation damage expression in both the

HSC compartments and HIM of murine marrow exposed to

FxRT [2.0 Gy (q24h x 5)→74 Gy] modeled after a more

conventional course of clinical FxRT (15). A comparison

between the response of the blood-forming HSC (CAFC)

and supportive stromal (LTBMC) compartments of the

marrow to FxRT was consistent with the generation of a

dose-dependent lesion in the HIM; a lesion that persisted

long after HSC recovery was observed in the marrow. In this

report, we provide additional support for the generation of

this "stromal lesion" and further define the kinetics of the

hematopoietic response to accumulating FxRT dose levels

on either side of the FxRT-induced lesion’s threshold dose

of 20 Gy. 

Materials and Methods

Experimental design. A course of fractionated [2.0 Gy (q24h x 5)→74

Gy] pelvic xRT simulating a clinical course of fractionated wide-field

pelvic xRT in the C57Bl/6 mouse has been described (15,16). For the

present studies, the femur was included in the FxRT field. Animals,

randomly assigned to the experimental groups, received either 10 Gy

or 30 Gy of accumulated FxRT starting on day 0. At designated times

as described in the results, a minimum of 5-7 mice per group were

randomly sacrificed by cervical dislocation (under anesthesia) to

determine the hematopoietic recovery within a single femur. The data

from individual mice were collated and comparisons made between

irradiated and control animals using SAS 5.0 software to generate

Pearson correlation coefficients. A p-value of <0.05 was considered

to represent a significant difference between matched pairs. These

experiments were carried out in accordance with protocols sanctioned

by the Animal Care and Use Committee at East Carolina University

and the provisions of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, U.S.A. 
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Table I. Characteristics of the stem cell and stromal cell subpopulations of the bone marrow in animals receiving FxRT. 

FxRT CAFC per femur** LTBMC cell

(% of age-matched control) production*** 

(x 106)

7d 14d 21d 28d

Control* 100.00 100.00 100.00 100.00 19.87±6.71

10 Gy 0.89±1.01 1.23±0.2.08 3.87±3.56 29.36±8.32 18.79±2.51

30 Gy 1.38±0.23 6.39±2.41 7.32±3.08 14.05±4.33 5.12±1.08

50 Gy 2.09±0.01 5.05±0.01 9.02±2.12 15.22±2.98 1.27±0.99

74 Gy 2.56±0.98 5.67±1.52 9.87±3.02 19.06±4.98 1.30±0.79

121d post 74 Gy 4.39±0.16 11.33±3.07 37.97±5.33 51.22±8.96 2.06±1.05

231d post 74 Gy 15.32±3.87 22.09±8.09 79.59±11.59 91.35±6.31 1.51±1.01

* - Age matched control mice receiving sham irradiation.

** - Data from 5-6 individual mice 24 h post FxRT and expressed as the mean% control (± SEM). 

***-Accumulated cell production over a 9-week period in 5-6 LTBMC per animal. 



Animals and xRT treatment. Eight-week-old C57Bl/6 mice, obtained

from the NIH (Charles River) animal resources program and

housed in microisolators with sterile food and acidified water

provided ad libitum, were used during this study. For FxRT, air-

breathing mice were positioned individually in a tight-fitting,

leucite restraining jig with the tails immobilized to prevent forward

movement. While restrained, the animals were covered with a 6-mm

thickness of lead, cut to shield the entire animal except for a dorsal

anterior port running 2.4 cm (field size of 20 x 24) from the anus to

the cecum. For the present studies, the field size was extended so

that one femur would also receive a full dose of FxRT Gy. The

inclusion of the femur (or femur + tibia for LTBMC) in the field

was confirmed by X-ray radiography at the TSD. Confirmation of

field-dose uniformity, lead shielding attenuation (>98%) and tissue

volume-dose distribution was documented using TLD dosimetry on

age-matched cadavers. FxRT was delivered from a Stabiliplan at a

dose rate of 82 c Gy/min with physical factors of 250 KvP, 15 mA, 

2 mm Cu filtration and a TSD of 32 cm. 

Hematopoietic recovery. A single cell suspension of femoral

hematopoietic cells was obtained as previously described (15, 17).

The hematopoietic response to FxRT in the marrow of control

and irradiated mice were assessed using the CAFC and LTBMC

assays. CAFC assay. Stem and progenitor cell frequency were

determined in the femurs of individual mice using in vitro limiting

dilution CAFC analysis, as previously described (15, 18). Briefly,

adherent layers of the murine stromal-cell FBMD-1 line were

prepared by incubating 1x104 cells, in gelatin-coated 96-well flat-

bottom microtiter plates, in 0.2 ml of DMEM-10% fetal calf

serum, at 33ÆC in 5% CO2 in humidified air for 24 hours. Serial 2-

fold dilutions of fresh bone marrow cells (8x104 → 1.5x102

cells/well, 20 wells/dilution) from individual murine femurs were

then plated over the stromal layer and the cultures incubated at

33ÆC in 5% CO2 in humidified air. The CAFC cultures were refed

every 7 days with Fishers medium supplemented with 10% horse,

10% BCS and 10-6 M hydrocortisone-21-hemisuccinate. Individual

cultures were removed from the incubator and, using an inverted

Kovacs et al: Fractionated Radiotherapy and Stromal Lesions

2803

Figure 1. The temporal response of CAFC subpopulations in femoral
marrow exposed to an accumulated FxRT dose of 10 Gy. CAFC7, 14, 21,

28d frequency was determined in femoral marrow at intervals from 1-17
weeks after exposure to 10 Gy of FxRT. The data is presented as a percent
of non-irradiated, age-matched C57Bl/6 control mice. Each data point
was derived from the mean (± SEM) CAFC frequency observed in the
femurs of 4-6 individual animals. Significant differences between
experimental groups amounting to p≤0.05 are reported in the text.

Figure 2. Accumulated cell production over a 9-week interval by LTBMC
established from the marrow of animals receiving local exposure to an
accumulated FxRT dose of 10 Gy: The effect of time after exposure.
Animals received an accumulated dose of 10 Gy of FxRT and LTBMC
were established at a time equivalent to 1-17 weeks after exposure.
Accumulated cell production by the individual LTBMC was assessed over
a 9-week interval and the data presented as the mean (± SEM)
accumulated cell production by a minimum of 5 LTBMC per
experimental group. Significant differences between experimental groups
amounting to p≤0.05 are reported in the text.



microscope, CAFC colony formation was assessed on day 7, 14, 21

and 28 of incubation and, accordingly, designated as CAFC7-28d.

CAFC frequency was then calculated by a linear regression

analysis of the relationship between -Ln (N0/N) vs. the appropriate

cell dilution, where N0 is the number of wells negative for CAFC

for each cell dilution analyzed and N is the total number of cells

analyzed. CAFC frequency was expressed as the frequency/106

cells (18). LTBMC assay. LTBMC were established from

individual animals by plating the contents of one tibia and one

femur in complete medium (Fishers medium supplemented with

10% pretested bovine calf serum, 10% horse serum and 10-6 M

hydrocortisone-21 hemisuccinate; LTBMC medium) into 25-cm2

flasks (15). The cultures were then incubated at 33ÆC in 5% CO2

in air and were demi-populated weekly with fresh medium.

Hematopoietic cell production [non-adherent cell number], a

measure of the integrity of the stromal/stem cell unit in marrow,

was determined in the demipopulated culture supernatant using

an electronic cell counter.

Results

The hematopoietic response to 74 Gy of FxRT. As summarized

in Table I, each of the 4 CAFC subpopulations was

significantly reduced (p≤0.05) within one week of initiating

the FxRT (10 Gy). While the CAFC7, 14 and 21 remained at

levels of from 1-9% of control throughout the course of the

FxRT, the CAFC28 subpopulation leveled out with a nadir of

~14% of control as the accumulating dose of FxRT

increased from 10 to 74 Gy. Within 121 days of completing

the course of 74 Gy FxRT, both the CAFC21 and CAFC28

subpopulations initiated recovery with restoration of the

CAFC28, but not the CAFC21, to normal levels (p≤0.05) by

day 231 after FxRT. At the same time, however, the more

mature CAFC7 and CAFC14 subpopulations remained

depressed at levels of between 15-22% of control (p≤0.05;
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Figure 3. The temporal response of CAFC subpopulations in femoral
marrow exposed to an accumulated FxRT dose of 30 Gy. CAFC7, 14, 21,

28d frequency was determined in femoral marrow at intervals from 1-17
weeks after exposure to 30 Gy of FxRT. The data is presented as a percent
of non-irradiated, age-matched C57Bl/6 control mice. Each data point
was derived from the mean (± SEM) CAFC frequency observed in the
femurs of 4-6 individual animals. Significant differences between
experimental groups amounting to p≤0.05 are reported in the text.

Figure 4. Accumulated cell production over a 9-week interval by LTBMC
established from the marrow of animals receiving local exposure to an
accumulated FxRT dose of 10 Gy: The effect of time after exposure.
Animals received an accumulated dose of 10 Gy of FxRT and LTBMC
were established at a time equivalent to 1-17 weeks after exposure.
Accumulated cell production by the individual LTBMC was assessed over
a 9-week interval and the data presented as the mean (± SEM)
accumulated cell production by a minimum of 5 LTBMC per
experimental group. Significant differences between experimental groups
amounting to p≤0.05 are reported in the text.



Table I). Unlike the CAFC subpopulations, the integrity of

corresponding LTBMC, assessed by their ability to maintain

non-adherent, hematopoietic cell production in vitro,

remained at comparable levels to age-matched control

marrow (p≤0.05) after the first week of FxRT (Table I).

Thereafter, however, the integrity of LTBMC established

from marrow that continued to be exposed to FxRT was

severely compromised, with accumulated cell production in

LTBMC reduced from 19.2 x 106 (for normal LTBMC) to 

~5x106 and 1x106 cells per flask (for LTBMC derived from

marrow exposed to 30 and 74 Gy FxRT, respectively).

Moreover, there was no evidence of an attempt at restoration

of LTBMC integrity over a period of from 121 to 231 days

following the completion of the FxRT (Table I).

The hematopoietic response to 10 Gy of FxRT. The femoral

content of the CAFC7-28 subpopulations was established

over a 17-week period after receiving 10 Gy of FxRT. As

observed in Figure 1, all 4 of the CAFC subpopulations

were markedly depressed, reaching levels of from 2% of

control for CAFC7 to 19% of control for CAFC28. This

depression lasted for a period in excess of 3 weeks following

10 Gy FxRT. By week 6, however, the CAFC21 and CAFC28

were restored to ~45% and ~60% of control, while the

CAFC7 and the CAFC14, demonstrated only minimal

recovery and, as a result, remained depressed. Thereafter,

CAFC recovery continued and CAFC21 and 28 approached

control levels (~85-91%) by week 17, while CAFC7 and 14

were restored to ~71-84% of control (Figure 1). Similarly,

the hematopoietic activity in LTBMC established from

irradiated (femoral + tibial) marrow reflected the

dampened CAFC subpopulations over the first 3 weeks

following 10 Gy of FxRT (Figure 2). Accumulated cell

production in LTBMC was reduced to 68% and 73% of

normal at 1 and 3 weeks following 10 Gy of FxRT,

respectively. Consistent with the recovery of the more

primitive CAFC subpopulations, the integrity of the

LTBMC was restored to near normal levels within 6 weeks

of 10 Gy FxRT (Figure 2).

The hematopoietic response to 30 Gy of FxRT. After 30 Gy

of FxRT, each of the 4 subpopulations of CAFC were

reduced to levels similar to that observed after 10 Gy FxRT.

However, unlike the response to 10 Gy, CAFC recovery was

delayed after 30 Gy FxRT and a significant (p≤0.05)

repopulation of the CAFC14, CAFC21, and CAFC28 (but

not the CAFC7) was only observed between 8 and 17 weeks

following FxRT (Figure 3). When compared to CAFC

recovery from 10 Gy FxRT, however, the recovery at 17

weeks following 30 Gy FxRT remained significantly

(p≤0.05) dampened. Similar to the response to 10 Gy

FxRT, accumulated cell production in LTBMC established

during the first 3 weeks following 30 Gy FxRT was reduced

to ~65% of normal (Figure 4). Thereafter, unlike the

response to 10 Gy FxRT, cell production in LTBMC

established at 6 to 17 weeks after 30 Gy FxRT was further

dampened (44% and 33% of normal for weeks 6 and 8,

respectively). Furthermore, by week 17, when restoration of

the more primitive CAFC subpopulations was well on its

way, accumulated cell production by the LTBMC remained

suppressed at ~33% of normal.

Discussion

In an earlier report (15), we described the generation of a

persisting FxRT-induced lesion in the microenvironmental

stroma that appeared to effectively interfere with the

normal regulation of hematopoietic differentiation and the

recovery of hematopoietic activity in the irradiated marrow.

The lesion, assessed by the integrity of LTBMC established

from marrow that received increasing (accumulating) dose

levels (10-74 Gy) of FxRT, was still observed at 121-231

days after the projected completion time (7.4 weeks) for a

full course of 74 Gy FxRT. The lesion initially appeared in

response to an accumulated threshold dose of 20 Gy and

progressively increased in severity with continuing dose

accumulations through a complete course of 74 Gy FxRT

(16). The studies described herein were carried out to

further define the influence of accumulating dose (10 vs. 30

Gy) and subsequent time (0-17 weeks) on the generation of

this stromal lesion. Collectively, the data described

demonstrate that after a subthreshold dose of 10 Gy FxRT,

only a brief transitory interruption of LTBMC integrity

occurred (LTBMC cell production restored to normal by

week 6). Conversely, at an accumulated dose above the

threshold (30 Gy), the integrity of the LTBMC was

significantly (p≤0.05) compromised without evidence of

even an abortive attempt at recovery over a 17-week period

(Figure 4). 

The temporal response of the CAFC subpopulations and

the LTBMC to an accumulated dose of 10 Gy of FxRT was

consistent with a FxRT-induced damage to the blood-forming

CAFC subpopulations rather than the microenvironmental

stroma. Within 6 weeks of receiving 10 Gy FxRT, cell

production by the LTBMC had been restored to near control

levels (Figure 2), further suggesting that the compromised

integrity of the LTBMC observed at 1 and 3 weeks was the

result of damage sustained by the CAFC subpopulations

(Figure 1). In support of this conclusion, the restoration of

each of the 4 CAFC subpopulations to near normal values

occurred within 17 weeks of receiving 10 Gy of FxRT, while

continuing exposure to FxRT maintained the CAFCs in a

dampened state (Table I). In contrast, a uniquely different

response pattern was observed after exposure to 30 Gy FxRT.

First and foremost, as might be expected with additional

exposure to FxRT, the damage to the CAFC subpopulations
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was sustained well beyond the 6-week interval observed after

10 Gy FxRT. In fact, the initiation of CAFC recovery was first

observed between 8 - 17 weeks (vs. 3-6 weeks) following 30 Gy

(vs.10 Gy) FxRT (Figures 3 vs.1). Secondly, while LTBMC cell

production was reduced to similar levels (~12x106 cells/flask)

during the first 3 weeks following both 10 and 30 Gy FxRT

(p>0.05), the integrity of LTBMC derived from marrow

exposed to 30 Gy FxRT, unlike that for 10 Gy FxRT,

remained compromised through week 17 (Figure 4), even

though CAFC recovery was initiated (Figure 3). It should be

noted that, in our earlier report (15), restoration of control

levels of the CAFC subpopulations was limited to the more

primitive CAFC28 and CAFC21 subpopulations. As described

above, the delayed recovery of the CAFC7 and 14 was again

observed during the present study; this time occurring over a

17-week interval (vs. 48 weeks) following 30 (but not 10) Gy

FxRT (Figure 3). Furthermore, the delayed recovery of the

more mature CAFC subpopulations persisted in excess of a

24-week period following 30 Gy FxRT (data not presented).

While it is conceivable that this temporal advantage for the

recovery of the more primitive CAFC subpopulations may

reflect the dose-sparing effect of the lower ·/‚ ratio of the

CAFC28 (5), dose-sparing alone would not explain the FxRT

dose-dependent discriminating lag in the recovery of the more

mature (vs. more primitive) CAFC subpopulations. 

A number of factors are known to influence hematopoietic

recovery in locally-irradiated marrow. These include (a) the

survival of HSC subpopulations (4-7), (b) the mobilization of

HSC from non-irradiated marrow (19-21), and (c) a change

in the balance between proliferative expansion and

differentiation of surviving (or mobilized) HSC (22, 23).

Earlier, we proposed that the persistent dampening of

CAFC7 and 14 subpopulations was, in all probability, a result

of a stromal dysfunction which limited either the

differentiation of the more primitive HSC after recovery, or

the clonal expansion of progenitors generated by

differentiation (15). The data reported herein also appear

consistent with this explanation for the delayed recovery of

CAFC7 and 14. It should be noted, however, that while the

factors contributing to recovery may appear to be distinct,

and a number of factors may enter into the delayed recovery

of the more mature CAFC, the regulation of each of these

factors is believed to fall, at least indirectly, within the

physiological domain of the marrow microenvironment.

Furthermore, the HIM is currently thought to represent a

unique interaction between both cellular and molecular

elements, collectively creating hematopoietic cell-specific

"niches" (24-29). As a result, damage to the hematopoietic

"niches" in the microenvironment could, conceivably,

influence both HSC survival, the lodging of HSC in the

irradiated marrow and, in addition, the relationship between

proliferative expansion and differentiation of individual HSC

subpopulations during the recovery process itself. 

Collectively, the data described above support our original

hypothesis that FxRT results in a dynamic expression of

hematopoietic radiation damage involving both the blood-

forming cells and their regulation by the microenvironmental

stroma. Having examined the marrow’s response at doses

above and below the threshold dose for the generation of the

stromal lesion, the observations appear to be consistent with

the early development of an acute effect on the blood-

forming CAFCs and their subsequent recovery. However,

with increasing accumulative dose and subsequent time, the

response to FxRT is converted from the acute effect on the

blood-forming cells to a persistent phenotypic expression of

a dysfunctional microenvironmental stroma which alters the

ratio between HSC proliferation and differentiation

normally associated with the recovery process. Studies

continue in an attempt to define the molecular nature of this

stromal lesion resulting from FxRT and the mechanism(s)

through which it alters hematopoietic recovery.

Acknowledgements

Supported in part by Grant No. CA GRB-Z from the NIH, DHHS,

and a BSOM Faculty Grant awarded to CJK. This was the final

publication of Dr. C.J. Kovacs as senior author. 

References

1 Hendry JH and Lord BI: The analysis of early and late response

to cytotoxic injury in the haematopoietic cell hierarchy. In:

Cytotoxic Insult to Tissues, Potten CS and Hendry JH (eds.).

Churchill-Livingstone, Edinburgh, pp. 1-66, 1985.

2 Greenberger JS: Toxic effects on the hematopoietic

microenvironment. Exp Hematol 19: 1101-1109, 1991.

3 Rosendaal M, Hodgson GS and Bradley TR: Organization of

haemopoietic stem cells: Generation-age hypothesis. Cell

Tissue Kinet 12: 7-13, 1977.

4 Meijne EIM, Van der Vinden EA, Van Groenewegen RJM,

Ploemacher RE, Vos O, David JAG and Huiskamp R: The

effects of X-irradiation on hematopoietic stem cell

compartments in the mouse. Exp Hematol 19: 617-623, 1991.

5 Down JD, Boudewijn A, van Os R, Thames HD and

Ploemacher RE: Variations in radiation sensitivity and repair

among different hematopoietic stem cell subsets following

fractionated irradiation. Blood 86: 122-127, 1995.

6 Ploemacher RE, van der Sluijs JP, Voerman JSA and Brons

NHC: An in vitro limiting-dilution assay of long-term

repopulating hematopoietic stem cells in the mouse. Blood 74:

2755-2763, 1989.

7 Van OSR, Thames HD, Konings AWT and Down JD:

Radiation dose-fractionation and dose-rate relationships for

long-term repopulating hemopoietic stem cells in a murine

bone marrow transplant model. Radiat Res 136: 118-127, 1993.

8 Down JD, de Haan G, Dillingh JH, Dontje B and Nijhof W:

Stem cell factor has contrasting effects in combination with 5-

fluorouracil or total body irradiation on the frequencies of

different hematopoietic cell subsets and engraftment of

transplanted bone marrow. Radiat Res 147: 680-685, 1997. 

ANTICANCER RESEARCH 25: 2801-2808 (2005)

2806



9 Hendry JH, Wang SB and Testa NG: Greater sparing of

stromal progenitor cells than of haemopoietic stem cells in Á-

irradiated mouse marrow using low dose-rates. Biomed

Pharmacol 38: 350-358, 1984.

10 Fitzgerald TJ, McKenna M, Rothstein L, Daugherty C, Kase K

and Greenberger JS: Radiosensitivity of human bone marrow

granulocyte-macrophage progenitor cells and stromal colony-

forming cells: effect of dose rate. Radiat Res 107: 205-215, 1986.

11 Greenberger JS, Klassen V, Kase K, Shadduck RK and

Sakakeeny MA: Effects of low dose date irradiation on plateau

phase bone marrow stromal cells in vitro: demonstration of a

new form of non-lethal, physiologic damage to support

hematopoietic stem cells. Int J Radiat Oncol Biol Phys 10:

1029-1017, 1984.

12 Testa NG, Hendry JH and Molineux G: Long-term bone

marrow damage in experimental systems and in patients after

radiation or chemotherapy. AntiCancer Res 5: 557-561, 1983.

13 Laver J, Ebell W and Castro-Malaspina H: Radiobiological

properties of the human hematopoietic microenvironment:

contrasting sensitivities of proliferative capacity and

hematopoietic function to in vitro irradiation. Blood 67: 1090-

1097, 1986.

14 Bierkens JG, Hendry JH and Testa NG: Recovery of the

proliferative and functional integrity of mouse bone marrow in

long-term cultures established after whole-body irradiation at

different doses and dose rates. Exp Hematol 19: 181-86, 1991.

15 Kovacs CJ, Evans MJ and Daly BM: Murine hematopoietic

stem cell and stromal responses to clinically-related,

fractionated radiotherapy (FxRT). Anticancer Res 24: 2625-

2632, 2003. 

16 Evans MJ, Kovacs CJ and Daly BM: Radiation dose and time

configurations, late intestinal effects, and the expression of

inflammatory and fibrogenic cytokines in fibrosis sensitive mice.

Cytokine 11: 953, 1999, abst.

17 Kovacs CJ, Harrell JP, Evans MJ, Abernathy RS, Roberts CJ

and Johnke RM: Temporal recovery of short-term repopulating

HSC subpopulations in marrow following schedule-dependent

administrations of IL-1 alpha and M-CSF. Exp Hematol 9:

1016-1023, 1995.

18 Breems DA, Blokland EAW, Neben S and Ploemacher RE:

Frequency analysis of human primitive haematopoietic stem cell

subsets using a cobblestone area forming cell assay. Leukemia

12: 951-959, 1998.

19 Neben S, Marcus K and Mauch P: Mobilization of hematopoietic

stem and progenitor cell subpopulations from the marrow to the

blood of mice following cyclophosphamide and/or granulocyte

colony-stimulating factor. Blood 81: 1960-1967, 1993.

20 Maloney MA and Patt HM: Migration of cells from shielded to

irradiated marrow. Blood 39: 804-811, 1972.

21 DeVries FAJ and Vos O: Prevention of the bone-marrow

syndrome in irradiated mice. A comparison of the results after

bone-marrow shielding and bone marrow inoculation. Int J

Radiat Biol 11: 235-241, 1966.

22 Chervenick PA and Boggs DR: Patterns of proliferation and

differentiation of hematopoietic stem cells. Blood 37: 568-

574, 1971.

23 Boggs SS, Chervenick PA and Boggs DR: The effect of post-

irradiation bleeding or endotoxin on proliferation and

differentiation of hematopoietic stem cells. Blood 40: 375-381, 1972.

24 DeVries FAJ and Vos O: Prevention of the bone-marrow

syndrome in irradiated mice. A comparison of the results after

bone-marrow shielding and bone marrow inoculation. Int J

Radiat Biol 11: 235-241, 1966.

25 Maloney MA, Lamela RA and Patt HM: Decrease in

hematopoietic stem cell domains as a delayed effect of X-

irradiation. Int J Cell Cloning 1: 206-215, 1983.

26 Parmentier C, Morardet N and Tubiana M: Late effects on

human bone marrow after extended field radiotherapy. Int J

Radiat Oncol Biol Phys 9: 1303-1311, 1984.

27 Nelson DF, Chaffey JT and Hellman S: Late effects of X-

irradiation on the ability of mouse bone marrow to support

hematopoiesis. Int J Radiat Oncol Biol Phys 2: 39-45, 1977.

28 Von Melchner H and Metcalf D: Differential seeding of

injected hemopoietic precursor cells in the bone marrow and

spleen of irradiated mice. Leuk Res 4: 393-397, 1980.

29 Sharp JG, Kessinger A, Clausen SR, Mann SL and O’Kane-

Murphy B: Concurrent partial body irradiation prevents cytokine

mobilization of blood progenitor cells: an effect mediated by a

circulating factor. J Hematotherapy 7: 343-349, 1999.

Received April 19, 2004
Accepted June 13, 2004

Kovacs et al: Fractionated Radiotherapy and Stromal Lesions

2807


