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The acute radiosensitivity in vivo of the murine hematopoietic stroma for 1 MeV 

fission neutrons or 300 kVp X-rays was determined. Two different assays were used: 1) an 

in vitro clonogenic assay for fibroblast precursor cells (CFU-F) and 2) subcutaneous grafting 

of femora or spleens. The number of stem cells (CFU-S) or precursor cells (CFU-C), which 

repopulated the subcutaneous implants, was used to measure the ability of the stroma to 

support hemopoiesis. The CFU-F were the most radiosensitive and the survival curves after 

neutron and X-irradiation were characterized by D0 values of 0.75 and 2.45 Gy, respectively. 

For regeneration of CFU-S and CFU-C in subcutaneous implanted femora D0 values of 0.92 

and 0.84 Gy after neutron and 2.78 and 2.61 Gy after X-irradiation were found. The 

regeneration of CFU-S and CFU-C in subcutaneous implanted spleens was highly 

radioresistant as evidenced by DQ values of 2.29 and 1.49 Gy for survival curves obtained 

after neutron irradiation, and D0 values of 6.34 and 4.85 Gy after X -irradiation. The fission 

neutron RBE for all the cell populations was close to 3 and varied from 2.77 to 3.28, 

indicating that stromal cells are relatively more sensitive to neutron irradiation than 

hemopoietic cells. 
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INTRODUCTION 

Effective hemopoiesis requires a functional microcnvironment, which provides stem 

cells with appropriate niches to proliferate and differentiate. Evidence has been obtained that 

stromal cells are not only supplying a supportive environment, where cells can lodge and 

respond to external influences, but also play a ókterrninative role in hemopoietic cell growth 

and differentiation by the production of growth factors, which bound to heparan sulphate can 

be presented in a biologically active form (1-3). The stroma may also inhibit the 

differentiation of hemopoietic stem cells and control their self-renewal via cell surface-

associated restrictins (4,5). Summarized, the available data suggest that there are qualitative 

differences between the stromal cells of different organs and even between efferent niches 

within one organ. Such qualitative differences could lead to differences in radiosensitivity of 

different stromal compartments, which through sectorial failure of hematopoietic stromal cell 

functions could have an 'tnpact on ^mopoiesis. In the last decade, various studies have been 

conducted in which the radiosensitivity of the stroma after gamma-irradiation or X-irradiation 

was determined. In contrast, there is only little known about the effects of fission neutron 

irradiation on the hematopoietic stroma. In the present study we have determined the 

radiosensitivity of the hematopoietic stroma for neutrons and X-rays using two different 

assays that measure the proliferative ability of different stromal cells. 

The fibroblast colony forming unit (CFU-F) assay is an in vitro clonal assay for 

fibroblastoid precursor cells from the hematopoietic microenvironment (6,7). In a second 

stromal assay, the regenerative capacity of subcutaneously implanted femora and spleens was 

measured after implantation into syngeneic hosts. Since the stroma of the implanted organs 

is mainly of donor origin (8) and the hemopoietic cells which grow in these implants are host 

derived (9,10), the number of spleen colony forming units (CFU-S) and granulocyte-

macrophage colony forming unit (CFU-GM) detected in the regenerated implants at 8 weeks 

after implantation is considered to provide a measure of stromal regeneration (11). The 

biological effectiveness of two types of irradiation can be compared by determining the 

relative biological effectiveness (RBE). The RBE of fission neutrons as compared with X-

rays, is the ratio of the absorbed dose of X-rays to the absorbed dose of neutrons required to 

produce the same biological effect Neutron RBE data are relevant for radiation protection, 

fast neutron therapy and treatment after accidental exposure with fast neutrons. Since the 

replacement of the T65 dosimetry for atomic bomb survivors by the DS86 dosimetry system, 

human data concerning the effects of high-LET neutron irradiation are not available any more. 
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Thus, risk cstimatinn for neutron irradiation on man have to be based on experimental studies 

in animals. Comparison of neutron RBE data with fast neutrons of various m-'ji energies 

show that those for fast fission neutrons of 1 MeV mean energy arc highest for each effect 

category investigated (12). Therefore RBE data of fast fission neutrons of 1 MeV mean 

energy can be regarded as the upper limit for neutron RBE data for each effect category. 

In the present study we have investigated whether the qualitative differences between 

stromal microenvironments lead to differences in radiosensitivity. In addition we determined 

the neutron RBE values for the different hematopoietic stromal compartments. 
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MATERIALS AND METHODS 

Mice 

Inbred CBA/P mice were bred at the Netherlands Energy Research Foundation, Petten, The 

Netherlands. The mice were maintained under clean conventional conditions. The animal care 

procedures have been described elsewhere (13). Male mice were irradiated or sham-irradiated 

with graded doses of X-rays or neutrons at the age of 12-14 weeks. Male mice aged 20 weeks 

or more were used as implant recipients (14) and male or female mice were used as recipients 

in the CFU-S assay. 

Irradiation procedures 

The animals were irradiated with fast fission neutrons from a U-converter in the Low Flux 

Reactor at Petten. The design of the exposure facility, the tissue dosimetry, and the neutron 

spectrometry have been described elsewhere (IS). The animals were exposed bilaterally to a 

fast neutron dose rate of 0.1 Gy/min. Forty mice could be irradiated simultaneously. The 

absorbed doses are given as neutron center-line doses; they do not include the 9% gamma-ray 

contribution. The neutron spectrum has a mean energy of 1.0 MeV and the mean track 

average LET of the recoil protons produced in tissue is equal to 57 keV/um in water. 

Whole body X-irradiation was performed with a Philips Muller X-ray tube, operating at 300 

kVp constant potential and 5 mA (HVL 2.1 mm Cu). The dose rate was equal to 0.30 Gy/min 

in the center-line of the animals. The distance from die focus to the center-line was 69 cm. 

Twenty animals could be irradiated simultaneously. During irradiation the animals were 

confined in polycarbonate tubes, which were mounted in a rotating disk of perspex. 

Hemopoietic cell suspensions 

Immediately after irradiation donor mice were killed by C02 gassing and both femurs and the 

spleens of 6 expeiim- ntal mice per group were removed. Bones were freed of fat, muscles 

and tendons and placed in ice-cold Hanks (Gibco) containing penicillin and streptomycin. The 

spleens and the left femurs were used for subcutaneous ectopic implantation. The right femurs 

were ground in a mcrtar using 1 ml RPMI (Flow) containing 0.04% Bovine Serum Albumine 

(BSA; Sigma), penicillin (100 IU/ml) and streptomycin (100 mg/ml) per femur. The cell 

suspensions were put in a Falcon tube and the larger bone particles were allowed to settle for 

45 sec. Then the suspensions were passed twice through a 23 gauge needle in order to obtain 

a single cell suspension. 
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CFU-F assay 

CFU-F were quantified in a semisolid (0.8% methylcellulose, Methocel, AP4 Premium; Dow 

Chemical) culture medium (Alpha medium) containing 20% fetal calf serum (FCS) 

Appropriate concentrations of bone marrow cells were plated in 35 mm culture dishes 

(Costar) in 1 ml culture medium. Triplicate cultures were incubated at 33 °C in a humidified 

atmosphere containing 10% CO2 in air. After 10 days the cultures were washed with 

phosphate-buffered saline (PBS pH 7.3), fixed with methanol for 10 min and stained with 

10% Giemsa. Colonies containing at least SO fibroblastoid cells were counted using an 

inverted microscope. 

Ectopic implantation assay 

Before implantation the epiphyses of the femora were removed and 5 small incisions were 

made in the splenic hilus to ensure optimal implantation. Because the regeneration of 

subcutaneously implanted spleens is dependent on the total recipients spleen volume (16,17) 

host mice receiving spleens were irradiated with 5 Gy X-rays one day before implantation to 

stimulate splenic regeneration. Radiation of host mice had no effect on femoral regeneration 

(18,19). Host mice were anaesthetized with Avertin. One or two small incisions were made 

into the abdominal skin, after which a small hole of Wi cm was made between the skin and 

the peritoneum using a blunt-tipped forceps. The spleen and femurs were placed 

subcutaneously as far as possible from the incision. The incision was closed with two sutures 

and histoacryl tissue adhesive. In each recipient mouse one spleen or two femora were 

implanted. Eight weeks after implantation the implants were removed and the number of 

CFU-S and CFU-C per implanted organ assayed. 

CFU-S assay 

CFU-S were assayed according to Till and McCulIoch (20). Recipient mice received 9 Gy X-

rays 1-4 hours before injection of cell suspensions into the lateral tail vein. This dose reduced 

endogenous day 7 CFU-S to 0. Aliquots of the ectopically transplanted femora and spleens 

were injected intravenously. Seven days later the mice were killed, their spleens were excised 

and fixed in Telleyesniczky's solution. The macroscopic surface colonies were counted with 

a stereo-microscope at lOx magnification. 
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CFU-C assay 

CFU-C were quantified in a semisolid (0.8% methylcelluiose, Methocel, AP4 Premium; Dow 

Chemical) culture medium (Alpha medium) containing 1% BSA, 10% FCS and 10% Poke 

Weed Mitogen mouse spleen conditioned medium (PWM-MSCM). Aliquots of the ectopically 

transplanted spleens and femora were plated in 35 mm Costar dishes in 1 ml final culture 

medium. Duplicate cultures were incubated at 37 °C in a humidified atmosphere containing 

5% C0 2 in air. Colonies (> SO cells) were counted after 7 days of culture using an inverted 

microscope. 

Regression analysis 

Log-linear dose-effect curves were obtained by least squares regression analysis. D 0 values 

were obtained from the slope of these curves. Values for a and p were obtained using the 

linear-quadratic model (Stata; release 2.05). 

/ ; 
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RESULTS 

The effect or fission neutron and X-irradiation on CFU-F survival 

The dose survival curves of CFU-F for fission neutrons and X-rays arc shown in Figure 1. 

CFU-F are clearly more sensitive to fissL.i neutrons than to X-rays. A D0 value of 0.75 ± 

0.04 was calculated for neutron-irradiation, while after X-irradiation a DQ value of 2.45 ± 0.37 

was observed. The X-ray survival curve showed only a small shoulder indicating limited 

repair of sublethal damage. After fission neutron irradiation a steep dose-response curve was 

observed without any shoulder. An RBE value of 3.28 ± 0.5 Gy was obtained for the CFU-F 

by dividing the Porx-wys) by the D ^ ^ ^ (Table I). 

The X-ray data points were also fitted according to the linear-quadratic (LQ) model. The a 

and fj values obtained for the X-ray survival curve were 0.18 Gy"1 and 0.026 Gy*2, 

respectively. The calculated a/p value was 7.1 Gy (Tabie U). 

The effect of fission neutron and X-irradiation on femoral marrow regeneration 

The number of CFU-S (Fem-impl[CFU-Sj) or CFU-C (Fem-impl[CFU-0 present in a femur 

8 weeks after subcutaneous implantion into a syngeneic host was used as a quantification of 

the stromal regenerative capacity following radiation. Irradiation induced a dose-dependent 

decrease of Fem-impl[CFU-S] (Figure 2). Marrow CFU-S regeneration appeared to be more 

sensitive to neutron irradiation than to X-irradiation. After neutron irradiation a D0 value of 

0.92 ± 0.05 Gy was observed and after X-irradiation a D0 value of 2.78 ± 0.41 Gy. Compared 

to the femoral CFU-F survival following irradiation Fem-impl[CFU-S] was slightly more 

radioresistant The RBE value calculated for Fem-impI[CFU-S] was 3.01 ± 0.5. The a, P and 

a/P values obtained for Fem-impl[CFU-S] after analyzing the X-ray survival data points with 

the LQ model were 0.20 Gy'1 for a, 0.036 Gy 2 for p and 6.1 Gy for a/p. 

The capacity of femur implants to support CFU-C also appeared to be more sensitive to 

neutron than to X-irradiation (Figure 3). Survival curves obtained for Fem-impl[CFU-C] after 

neutron and X-irradiation indicated D0 values of 0.84 ± 0.05 Gy and 2.61 ± 0.43 Gy, 

respectively. The neutron RBE value was 3.10 ± 0.5. The a and P values obtained for Fem-

implfCFU-C] after X-irradiation were 0.26 Gy"1 and 0.029 Gy"2, respectively. The calculated 

a/p value was 9.0 Gy. 



9 

The effect of fission neutron and X-irradiation on splenic regeneration 

The effects of neutron or X-irradiation on the regenerative capacity of ectopically implanted 

spleens (Spl-impl[CFU-Sl and Spl-impl[CFU-Cl) arc shown in Figure 4 and 5. As in femora, 

neutrons are more effective in decreasing the regenerative capacity of the splenic stroma than 

X-rays. Spl-imp![CFU-S] was observed to be far more radioresistant for both neutrons and 

X-rays as compared to the Fem-impl(CFU-S]. Survival curves following neutron irradiation 

had a D0 value of 2.29 ± 0.33, while for X-irradiation a D0 value of 6.34 ± 1.35 Gy was 

observed. X-ray doses between 1 and 5 Gy elicited a higher CFU-S content than was 

observed in unirradiated grafts. This was not the case after neutron irradiation, where a steep 

dose response curve was observed. 

The effect of neutron or X-irradiation on Spl-impI[CFU-C] is shown in Figure S. The survival 

curves show a similar pattern as for CFU-S regeneration. After neutron irradiation a D0 value 

of 1.49 ± 0.10 Gy was found compared to a D0 value of 4.85 ± 1.60 Gy after X-irradiation, 

indicating that SpI-impl[CFU-C] is more radiosensitive than Spl-impl[CFU-S]. The RBE 

values obtained for the regeneration of splenic implants did not differ from the RBE values 

obtained for the regeneration of femoral implants. The RBE values for Spl-impl[CFU-S] and 

Spl-impl[CFU-C] were 2.77 ± 0.7 and 3.26 ±1.1 respectively. 

RBE values 

The D0 and RBE values for CFU-F, Fem-impl[CFU-S], Fem-impl[CFU-C], Spl-impl[CFU-S] 

and Spl-impl[CFU-C] are summarized in Table I. The RBE values for the different stromal 

cell populations were found to vary from 2.77 to 3.28. 
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DISCUSSION 

The hematopoietic stroma is extremely resistant to in situ irradiation. In vivo, little functional 

damage of stroma has been detected after exposures with doses below 10 Gy X-rays (21). 

Also established confluent stomal layers in long-term bone marrow cultures did not exhibit 

any morphological changes or decreased viability and still were able to support hemopoiesis 

after irradiation with doses up to 5C Gy gamma rays (22). The high radioresistance of die 

stromal cells under these conditions is due to their very slow turnover, which prevents the 

expression of radiation-induced damage during mitosis and allows them more time to repair 

radiation-induced damage than is the case with rapidly dividing hemopoietic cells. However, 

radiation damage may become overt even months after irradiation when stromal cells enter 

mitosis (23). Acute radiation damage can only be measured by assays that induce the stromal 

cells to proliferate. The CFU-F assay (24) quantitates a single stromal precursor cell type. 

However, the hematopoietic rnicroenvironment is a complex structure that is composed of 

many different cell types and the measurement of CFU-F numbers as an indication of stromal 

integrity may lead to erroneous interpretations (25). In the present investigation we have 

determined the acute radiosensitivity of the hematopoietic stroma using a non-clo.ial 

functional in vivo assay. The extent to which proliferation and maintenance of hemopoietic 

stem cells is supported in the subcutaneously implanted organs is determined by the integrity 

of a complex of stromal cell types. The response of the stroma to busulfan (25) and the 

recovery pattern of the stroma after gamma radiation (26,27) have been observed to differ 

depending on the assay used, indicating thai these assays measure different stromal 

components. Probably, endothelial cells may represent a predominant component in the 

regeneration of ectopic implants (25,26). 

In the present investigation we show that the acute radiosensitivity of marrow stromal 

progenitor cells for neutrons and X-rays is much lower than that of hemopoietic stem or 

precursor cells (28,29). The CFU-F survival curve was characterized by a DQ value of 0.75 

Gy and 2.45 Gy for fission neutrons and X-rays, respectively. The latter DQ value is in good 

agreement with the D0 of 2.57 Gy observed by Imai (29) and of 200-300 R obtained by 

Wilson (30) following in vivo X-irradiation. The regenerative capacity of the femoral stroma 

(Fem-impHCFU-S, CFU-C]) was less radiosensitive than the CFU-F. For Fem-impIfCFU-S] 

a D0 of 2.78 Gy was derived, which is consistent with the D0 value of 3.25 Gy obtained after 

transplantation of in vivo y-irradiated bone marrow transplanted under the kidney capsule 

(19). The regenerative capacity of the splenic stroma was even more radioresistant for 
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neutrons as well as for X-rays. The RBE value for all the stromal cell populations was close 

to three, which is comparable to the RBE value of 3.2 obtained for intestinal-crypt stem cells 

but much higher than the RBE of 2.1 for hemopoietic stem cells (31). The higher RBE value 

indicates that stromal cells are relatively more sensitive to neutron irradiation than 

hemopoietic cells. In contrast to X-rays, 1 MeV fission neutrons cause almost only lethal 

radiation damage, which is irrepairable. Tliis means that the regeneration of the stromal cells 

after neutron irradiation takes pkce practically without sublethal damage repair (5LD repair) 

(1232). The higher RBE values obtained for stromal cells compared to hemopoietic cells are 

in agreement with the observation that stromal cells, in contrast to CFU-S, demonstrate a 

dose-rate dependent radiosensitivity (2633) and support the thought that stromal cells have 

a higher ability to SLD repair than hemopoietic cells. The survival data of CPU F and 

femoral-implants after X-irradiation were also fitted with the linear quadratic model. Using 

this model, the oc/p value for the stromal cell populations was estimated to range from 6.1 to 

9.0. In general the a/p value is high for ^arly responding, fast proliferating tissues (> 6 Gy) 

and low for late responding, slowly proliferating tissues. Under the experimental conditions 

used in this study the stromal cells therefore react as early responding tissues. However, P-

values derived from acute single dose survival curves are prone to large statistical errors and 

not so accurate as oc/p values derived from fractionation data (34). 

The regeneration pattern of Spl-impl differed from that of Fem-impl. X-ray doses 

between 1 and 5 Gy elicited a higher CFU content than was observed in unirradiated spleen 

grafts. This can be explained by assuming that the dose-effect curves are determined by two 

different processes, i.e. increasing damage to the stroma with increasing dose, and repair of 

radiation damage, which might be influenced by improved primary survival conditions due 

to elimination of non-stromal cells. The quick disappearance of irradiated hemopoietic cells 

from the implants may be of particular relevance for splenic implant regeneration. The 

angiogenic potential of splenic tissue is negligible. Spl-impl undergo almost complete necrosis 

because penetration of these implants by capillaries from the surrounding tissues does not 

occur within the first 3 days. The viability of surviving cells within the first days is probably 

maintained by perfusion of the required nutrients from the surrounding subcutaneous tissue 

(35). Thus rapid elimination of non-stromal cells may be especially favorable under these 

conditions were nutrient supply is limited. Eventually regeneration of the spleen implant 

ensues in the outer zone from a thin peripheral shell of surviving reticular cells, which 

regenerates into splenic tissue with a microscopic structure indistinguishable from the original 

structure (35). The survival curve of splenic regenerative capacity after neutron irradiation 
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shows no overshoot, since there is almost no repair after exposure to fission neutron 

irradiation. Bone marrow tissue on the other hand has considerable angiogenic potential. 

Within 12 hours after implantation there is a spate of angiogenesis which starts the 

revascularization and L\e regenerative process (36). 

It appears form our data, that the erythroid mkroenvironment (spleen) tends to be less 

sensitive to irradiation than the granuloidAnacrophage microenvironment (bone marrow). 

Moreover, the stromal components responsible for CFU-C regeneration were slightly more 

sensitive to irradiation than were the stromal components responsible for CFU-S regeneration. 

Since CFU-S day 7 are known to give a majority of erythroid spleen colonies (37) it may be 

argued that the erythroid hematopoietic microenvironment might be less sensitive to 

irradiation dian the granuloid/macrophage microenvironment. This hypothesis is supported by 

the fact that the ratio of CFU-E over CFU-C in both femoral and splenic implants was 

increased after irradiation of the implants (38). 

In conclusion, our data indicate that the acute radiosensitivity of stromal cell 

populations, as measured by ectopic organ implantation and CFU-F assays, is much higher 

than their in situ radiosensitivity. But also under the conditions used in this study, in which 

stromal cells are induced to proliferate immediately after irradiation, they are still much more 

radioresistant for neutron or X-irradiation than hemopoietic cells as is shown by the high D 0 

values for the stromal cell populations. The RBE values calculated for the stromal cell 

populations, which ranged from 2.77 to 3.28, are higher than the RBE values obtained for 

hemopoietic cells, indicating that stromal cells are relatively more sensitive to neutron 

irradiation than hemopoietic cells. 
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Table I 
Radiobiological characteristics of the stromal cell populations after 1 MeV fission neutron or X-irradiation 

Celt type 

CFU-F 

Fem*tópHCFU-SJ 

Fem*impltCFtJ-CJ 

Spl-iniidtCFU-S] 

SpHmpHCFU-C) 

neutrons 

D0<Gy) 

0.75 ± 0.04 

0.92 ± 0.05 

0.84 ± 0.05 

2.29 ± 0.33 

1.49 ± 0.10 

Correlation 

coefficient 

-0.9750 

•0.9548 

•0.9529 

•0.9102 

-0.9521 

X-rays 

D„(Gy) 

2.45 ± 0.37 

2.78 ± 0.41 

2.61 ± 0.43 

6.34 ± 1.35 

4.85 ± 1.60 

Correlation 

coefficient 

-0.8993 

•0.8696 

-0.8758 

-0.6047 

-0.6847 

RBB 1 

1 
3.28 ± 0.5 

3.01 ± 0.5 

3.10 ± 0.5 

2.77 ± 0.7 

3.26 ±1.1 
1 

'arithmetic mean ± standard error of the mean (SEM) from three separate experiments exept for Spl-impl[CFU-S] 

and Spl-impl[CFU-C] two experiments. 

**RBE values were obtained by dividing Do(X.rays) by D0(neutrons) 



Table II 
a and P values from the linear-quadratic model after X-irradiation 

Cell type 

OPW 

Fem-impHCFU-S] 

tWtotpltCfltf«C) 

* «(Of^V-^ 

0.18 ±0.09 

0.20 ±0.11 

0.26 ±0.12 

. fcOy'V 

-/ 

0.026 ±0.011 

0.036 ± 0.016 

0.029 ± 0.016 

«yp(Oy> 

7.1 

6.1 

9.0 

V ^ m l f f W W l f l » 

«effickm 

•0.9063 

•0.9051 

•0.9075 

*oc and (J values ± SEM are listed from three experiments 
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Legends to the figures: 

FIG. 1. 

Survival curves of CFU-F after in vivo fission neutron irradiation (closed circles) or X-

irradiation (open circles). Each solid line represents the regression line computed from 

three experiments using the linear model. The dashed line represents the fit of the LQ-

model. Mean absolute number of CFU-F per 105 unirradiated bone marrow cells: 11. 

FIG. 2. 

Dose-response curves for the ability of subcutaneous implanted femoral stroma to support 

CFU-S after fission neutron irradiation (closed circles) or X- irradiation (open c" Acs). 

Each solid line represents the regression line computed from three experiments using the 

linear model. The dashed line represents the fit of the LQ-model. Averaged control 

numbers: 660 CFU-S per unirradiated femoral implant. 

FIG. 3. 

Dose-response curve for the ability of subcutaneous implanted femoral stroma to support 

CFU-C after fission neutron irradiation (closed circles) or X-irradiation (open circles). 

Each solid line represents the regression line computed from three experiments using the 

linear-model. The broken line represents the fit of the LQ-model. Averaged control 

numbers: 6938 CFU-C per unirradiated femoral implant. 

FIG. 4. 

Dose-response curve for uie ability of subcutaneous implanted splenic stroma to support 

the growth of CFU-S after fission neutron irradiation (closed circles) or X-irradiation 

(open circles). Each line represents the regression line computed from two experiments. 

Averaged control numbers: 269 CFU-S per unirradiated splenic impiant. 

FIG. 5. 

Dose-response curve for the ability of subcutaneous implanted splenic stroma to support 

the growth of CFU-C after fission neutron irradiation (closed circles) or X-irradiation 

(open circles). Each line represents the regression line computed from three experiments. 

Averaged control numbers: 669 CFU-C per splenic implant. 
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