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Summary
The effects of single subcutaneous injection of cadmium chloride on haemopoiesis in normal (non- 
irradiated) or irradiated mice were investigated. Cadmium doses used ranged from 1-8 mg/kg body 
weight. Twenty-four hours after treatment with cadmium (doses from 3 to 8 mg/kg) there were no 
significant changes in bone marrow cellularity and the granulocyte-macrophage progenitor cell (GM- 
CFC) number per femur in non-irradiated female ICR mice. Similarly, during the 30-day postinjection 
period bone marrow cellularity and marrow GM-CFC number in mice treated with a cadmium dose of 5 
mg/kg were not significantly different from the control values. Cadmium significantly reduced the 
lethal effects of gamma rays. In addition, increasing the doses of cadmium administered 24 h prior to 
sublethal irradiation increased the number of endogenous haemopoietic stem cells (endoCFU-S) in a 
concentration-dependent manner. Pretreatment with cadmium also decreased the radiation damage to 
endoCFU-S and haemopoietic progenitor cells committed to granulocyte/macrophage development 
(GM-CFC). The survival of stem cells was higher and the regeneration of cellularity and GM-CFC of 
irradiated bone marrow was accelerated in mice pretreated with 5 mg Cd/kg body weight in comparison 
with saline-injected mice.

Key words
Cadmium -  Haemopoiesis -  Gamma-radiation -  Stem cells

Introduction

Cadmium is a toxic element of continuing 
concern because environmental levels have risen 
steadily with progressing worldwide industrialization. 
Sublethal cadmium exposures produce a wide variety of 
species-related and dose-related toxic effects including 
carcinogenicity, teratogenicity, mutagenicity and 
endocrine and reproductive damage (Waalkes and 
Goering 1990). It has been estimated that the average 
cadmium concentration in the renal cortex of 
populations living in industrialized countries has 
increased about 50-fold (Drasch 1983).

The effects of another common environmental 
factor, ionizing radiation, have been extensively 
examined during the last three decades (Hendry and 
Lord 1983, Walker 1988).

The effect of cadmium on haemopoietic stem 
cells in non-irradiated or irradiated mice has not been 
fully studied yet. Lutton et al. (1984) and Sakata et al. 
(1988) reported that cadmium suppressed in vitro 
growth of rat marrow late erythroid progenitor cells 
(CFU-E) in a dose-dependent fashion. Sakata et al 
(1988) demonstrated that the oral administration of 
cadmium produced bone marrow hyperplasia at the 
CFU-E level due to iron deficiency. Hays and 
Margaretten (1985) reported that long-term oral
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cadmium administration reduced the number of 
pluripotent or various progenitor haemopoietic cells in 
the murine bone marrow.

The protein most frequently associated with 
cadmium exposure is metallothionein -  a cytoplasmic, 
heat-stable, low-molecular weight, metal-binding 
protein with a high content of cysteine residues (Dunn 
et al. 1987). It is well known that one of the biological 
roles of metallothionein is the detoxification or 
tolerance for heavy metals (Min et al. 1987, 1991). On 
the other hand, Matsubara et al. (1986a,b, 1987a,b, 
1988) reported a marked tolerance to lethal damage 
from high radiation dose of mice pretreated with 
metallothionein-inducing metals, e.g. cadmium, 
manganese or zinc salts, 24 h prior to irradiation. 
These results indicated that the induction of 
metallothionein may be a significant factor modulating 
the response of the organism to irradiation.

The present study was performed to 
investigate the relationship between cadmium and 
haemopoiesis and the relationship between cadmium 
and radiation-induced haemopoietic damage.

Materials and Methods
Mice

Conventionally bred ICR female mice, aged 
8-10 weeks, with an average body mass of 30 g were 
used. They were housed in rodent cages, five to seven 
animals per cage at about 22 °C, and were given 
Velaz/Altromin 1320 St (Velaz Prague, Czech 
Republic) laboratory chow and tap water acidified to 
pH 2.4 ad libitum. Research was conducted according 
to the principles -enunciated in the "Guide for the Care 
and Use of Laboratory Animals", prepared by the State 
Veterinary Office of the Slovak Republic, Bratislava.

Cadmium chloride administration

Cadmium chloride, as CdCl2x2.5 H2O, was 
obtained from Lachema (Brno, Czech Republic) and 
administered subcutaneously (s.c.) in the dorsal 
thoracic midline area as a solution in 0.9 % sterile 
saline. For the dose-response studies, mice received 1, 
3, 5 or 8 mg Cd/kg body weight. Control animals 
received an injection of saline.

Irradiation

Twenty-four hours after cadmium injection 
mice were placed in plexiglass containers and whole- 
body (unilaterally) exposed to 0.5-3 Gy (survival of 
haemopoietic progenitor cells), 7.5 Gy (haemopoietic 
recovery) or to 7-10  Gy (animal survival assay) of 
gamma rays in a dose of 0.4 Gy/min. A Chisostat 60Co 
source (Chirana, Czech Republic) was used for all 
irradiations.

Survival

Survival was monitored daily and was 
assessed as the percentage of animals surviving 30 days 
after irradiation. Ten mice per group were used in each 
experiment. Moribund animals in this experiment were 
killed. On day 31, surviving mice were euthanized by 
cervical dislocation. The experiments were repeated 
twice. The dose reduction factor (DRF) was calculated 
by dividing the treatment LD50/30 by the control 
LD50/ 30. Survival rates were compared among groups 
using the chi-square test with Yates’ correction.

Haemopoietic stem cell assays

Two primary assays were used to assess the 
effects of environmental pollutants on haemopoietic 
stem cells. They included the in vivo endogenous 
spleen colony-forming unit (endoCFU-S) assay and the 
in vitro granulocyte-macrophage (GM-CFC) progenitor 
cell assay. The endoCFU-S formation was assayed by 
the method of Till and McCulloch (1963). Briefly, mice 
received 6.5-9 Gy of radiation. They were killed by 
cervical dislocation at 10 days postirradiation and their 
spleens were removed and fixed in Bouin’s solution. 
The number of macroscopic colonies per spleen was 
determined. The D0 values were determined by the 
method previously described by Vacek et al. (1985).

Haemopoietic progenitor cells committed to 
granulocyte/macrophage development (GM-CFC) 
were assayed as described by Vacek et al. (1991). Bone 
marrow cells (9x1o4-6x10s, depending on the radiation 
dose) were plated in triplicate in a semisolid 
environment created by a plasma clot, containing 
Iscove’s modification of Dulbecco’s medium (IMDM, 
TechGen Int. Ltd., UK), supplemented with antibiotics 
(penicillin, lOO U/ml and streptomycin, 1000 pg/m\) 
and L-glutamine (Calbiochem, Behring, La Jolla, 
USA) in a concentration of 1.2 mg/ml plus 15-20 % 
newborn bovine calf serum (TechGen Int. Ltd., UK), 
10 % murine lung-conditioned medium (LCM), 10 % 
citrate bovine plasma and 3 % CaCh (Biotika, 
Slovenská Lupca, Slovak Republic). The cultures were 
incubated at 37 °C in a fully humidified atmosphere of 
5 % CO2 in air for 7 days. Colonies of at least 50 cells 
were counted at 30x magnification. The cell suspension 
used for these assays represented each time a pool of 
tissues from 5 mice. The D0 values were determined 
for each separate radiation survival experiment from 
the linear portion of the curve fitted by least-squares 
linear regression.

Statistics

The values given in the Figures and Table 1 
represent the means ± S.E.M. The statistical 
significance of the differences was evaluated using 
Peritz’s F-test, Student’s t-test and the chi-square test 
with Yates’ correction. P<0.05 was considered to be 
statistically significant.
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Table 1
Effect of various cadmium doses on bone marrow cellularity and number of GM-CFC 
24 h after administration

Dose of Cd . Number of cells Number of GM-CFC
(mg/kg body weight) (xlO6 per femur3) n (xlO3 per femur3) n

0 27.81 ±1.30 3 26.72 ±1.45 2
3 28.85 ±2.03 3 27.70 ±1.72 2
5 26.67 ±1.61 3 28.48 ±2.38 2
8 24.90 ±1.52 3 25.75 ±1.56 2

Mice were injected with saline or cadmium (3, 5, or 8 mg/kg body wt) 24 h before assay. 
Cells were pooled from both femurs o f five mice per group in each study, values represent 
the means ± S.E.M. from individual studies, n -  number of experiments.

Fig-1
The effect of a single subcutaneous 
dose of cadmium chloride on the 
number of 10-day endogenous 
spleen colonies (endoCFU-S). Mice 
received an injection 24 h before 
8 Gy irradiation. The data are 
expressed as the means ± S.E.M. of 
three separate experiments and each 
column represents 20-37 mice. 
Symbols denote statistical 
significance when compared to the 
controls (a), 3 mg Cd/kg group (b), 
and 5 mg Cd/kg group (c). For the 
sake of simplicity the significance at 
the 0. 05 level was used for all the 
comparisons.

Fig. 2
Number of endogenous spleen 
colonies as a function of the 
radiation dose, and the mean values 
of spleen colonies in control mice 
and in mice treated with cadmium 
(5 mg/kg body weight) 24 h before 
irradiation at the indicated radiation 
doses. Each point represents 
10 mice.
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Results

Effects o f cadmium on haemopoiesis in normal 
(non-irradiated) mice

The bone marrow cellularity and content of 
GM-CFC per femur was measured in the bone marrow 
from non-irradiated mice 24 h after cadmium or saline 
injection (i.e. at the time of presumed irradiation) 
(Table 1). At 24 h after injection of 3, 5 or 8 mg Cd/kg 
body weight these values did not change significantly as 
compared to control mice. During the 30-day 
postinjection period after administration of 5 mg 
Cd/kg the number of nucleated cells and GM-CFC 
number in the femur was the same as that in control 
animals (Figs 6, 7).

Effects o f cadmium on haemopoiesis in irradiated mice

Pretreatment of mice with 3, 5 or 8 mg Cd/kg 
body weight 24 h before irradiation increased the 
number of endogenous spleen colony-forming units 
(endoCFU-S). The number of surviving endoCFU-S 
was dependent on the dose of cadmium. As can be

seen from Fig. 1, the 8 mg Cd/kg dose was more 
effective than 5 or 3 mg Cd/kg doses (p< 0.001) and a 
5 mg Cd/kg dose was also more effective than a 3 mg 
Cd/kg dose (p<0.001). Treatment with 3 mg Cd/kg 
resulted in endoCFU-S numbers greater than those 
observed in control (saline-treated) mice (p< 0.001). 
Fig. 2 shows the dependence of the number of 
endoCFU-S on the radiation dose in control and 
cadmium-treated mice. In both groups the number of 
colonies decreased as the dose of radiation increased. 
However, the number of spleen colonies was higher in 
the cadmium-treated mice (for doses of 7.0-8.5 Gy, 
cadmium versus saline p< 0.001). The radiation 
sensitivity of endoCFU-S (D o )  indicated enhanced 
radiation tolerance of endoCFU-S in mice irradiated 
after the administration of cadmium, because the D o  
calculated for cadmium-treated mice was greater than 
that for control mice (2.24 versus 0.93 Gy). The 
equieffective exposure to gamma rays (De), after which 
5 endoCFU-S (calculated from the regression curves) 
grew in the spleen, increased by 1.85 Gy after the 
administration of cadmium (saline De = 7.78 versus 
cadmium De = 9.63). Thus, the protective factor (PF) 
for this equal-effect dose ratio was 1.23.

Fig. 3
Radiation survival curve for bone 
marrow GM-CFC. Animals received 
an injection o f saline or 5 mg Cd/kg 
body weight 24 h before irradiation 
at the indicated radiation doses. 
Twenty minutes postirradiation, 
animals were killed and their bone 
marrow was assayed for GM-CFC. 
The data given as the mean ± 
S.E.M. GM-CFC values o f three 
separate experiments.

GM-CFC SURVIVAL FRACTION

To further investigate the cadmium-induced 
protection of haemopoietic cells against radiation 
injury, the ability of cadmium treatment to alter GM- 
CFC survival following in vivo irradiation was 
evaluated by employing radiation survival curves. Fig. 3 
summarizes the results of experiments which relate 
radiation exposure to the numbers of GM-CFC in the 
controls and mice pretreated with cadmium. The DRF 
(calculated at 37 % survival point) for GM-CFC was 
1.29. However, the D0 value calculated for cadmium- 
treated cells was not significantly different from that 
for control cells of saline-treated animals (1.40 Gy 
versus 1.15 Gy).

The percentage of mice surviving more than 
30 days after exposure to 8.5 Gy was compared 
between cadmium- and saline-pretreated mice. The 
cumulative 30-day survival data from these experiments 
are presented in Fig. 4. In comparison with only 20 % 
survival of the control group, the 80 % survival of the 
group treated with 5 mg Cd/kg should be noted. The 
LD50/30 for cadmium-pretreated mice was 8.79 Gy 
(95% CL 8.41; 9.19). This was significantly greater 
(p<0.05) than the value of 7.97 Gy (7.56; 8.40) 
calculated for the saline controls (Fig. 5). For ICR 
mice irradiated 24 h after s.c. injection of 5 mg Cd/kg, 
the DRF was 1.10 (1.03; 1.18).
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Fig. 4
Survival of lelhally irradiated mice 
(n -18-20) injected with saline or 5 
nig Cd/kg body weight 24 h before 
irradiation (8.5 Gy). The values are 
pooled results of two separate 
experiments. The survival of mice 
treated with 5 mg Cd/kg body weight 
was significantly increased when 
compared to the controls (p<0.01).

PERCENT SURVIVAL

Fig. 5
Animal survival as a function of 
radiation dose for mice injected 
saline or 5 mg Cd/kg body weight 24 
h before irradiation. DRF=LD50/30 

(cadmium + irradiation )/LD  50/30 
(saline + irradiation), using probit 
analysis. Each data point represents 
18-20 mice. Based on LD50/30 
values: cadmium versus saline, 
p<0.05.

NUCLEATED CELLS/FEMUR (xlO5) Fig. 6
Effects of a single subcutaneous 
dose of cadmium (5 mg/kg body 
weight) on the number o f nucleated 
cells per femur in normal (non- 
irradiated) and in irradiated mice 
(7.5 Gy). Ten mice per point were 
used. Symbols denote statistical 
significance when compared to the 
controls (a), group treated with 
cadmium alone (b) and group 
treated with Cdplus 7.5 Gy (c). For 
the sake o f simplicity the 
significance at the 0.05 level was 
used for all comparisons.
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Fig. 7
Effects of a single subcutaneous 
dose of cadmium (5 mg/kg body 
weight) on the number of GM-CFC 
in femoral marrow on different days 
in normal (non-irradiated) and in 
irradiated mice (7.5 Gy). For legend 
see Fig. 6.

GM-CFC/FEMUR

Parameters of GM-CFC are good indications 
of myeloid haemopoietic activity in animals recovering 
from exposure to radiation. After total body sublethal 
irradiation (7.5 Gy), bone marrow cellularity and the 
number of GM-CFC decreased markedly. In contrast, 
Figures 6 and 7 show that 3, 7, 10 and 21 days after 
exposure to 7.5 Gy there was evidence of an earlier 
recovery of bone marrow cellularity and bone marrow 
GM-CFC number, respectively, in cadmium-treated 
mice. Three, 7 and 10 days after irradiation in saline- 
injected mice, the number of bone marrow cells was 
less than 1 %, 3 % and 8 %, respectively, and number 
of GM-CFC was less than 0.1—0.5 % of the number in 
normal non-irradiated mice. At these time intervals the 
values increased 2 to 6-fold in bone marrow from mice 
which had received an injection of cadmium before 
irradiation.

Discussion

In our experiments, we have not found any 
differences (in cellularity or GM-CFC number) 
between the controls and animals pretreated with 
various doses of cadmium or between the controls and 
cadmium-pretreated mice during the 30-day 
postinjection period. Hays and Margaretten (1985) 
showed that the drinking of water containing 300 mg 
Cd/1 for 1 year induced in mice bone marrow 
hypoplasia, which was characterized by a significant 
reduction of pluripotent haemopoietic stem cells 
(CFU-S) and progenitor cells (GM-CFC, CFU-E). On 
the other hand, Sakata et al. (1988) observed marrow 
hyperplasia with increases of CFU-E after oral 
administration of cadmium to rats (100 mg Cd/1 in 
drinking water for 12 to 100 days). In contrast, our 
results that single-dose cadmium administration does 
not influence bone marrow cellularity and GM-CFC 
number, are different from these authors. These 
inconsistencies seem to have been caused by the

differences in the dose, route of cadmium 
administration and the postinjection examination 
period. Long-term administration of cadmium would 
produce marrow hypoplasia through direct cytotoxicity 
of cadmium (Sakata et al. 1988), which has not been 
revealed by our experiments.

The increased survival of endoCFU-S and 
GM-CFC and accelerated recovery of the cellularity 
and GM-CFC number per femur after irradiation to 
the level of the control group was greater and more 
rapid in the group of cadmium-pretreated mice. 
Matsubara et al. (1987b) presumed that the induction 
of metallothionein in the mouse liver was an important 
factor in the mechanism of radioresistance induced by 
cadmium. The pretreatment of mice with cadmium 
produced an 8-fold increase in liver metallothionein 
prior to irradiation and this level in the cadmium- 
treated animals increased further after irradiation 
(Shiraishi et al. 1983a, Matsubara et al. 1987b). The 
formation of free radicals following irradiation causes 
extensive tissue damage. Shiraishi et al. (1983b) found 
that metallothionein can scavenge superoxide radicals. 
Thornally and VaSák (1985) reported that 
metallothionein was an efficient scavenger of free 
hydroxyl radicals. On the other hand, Matsubara (1987) 
suggested that metallothionein may act as a substitute 
for glutathione when the cells are glutathione-deficient 
whereby glutathione levels in the cell are a significant 
factor for tissue resistance to radiation (Mitchel et al. 
1988, Vos and Roos-Verhey 1988, Bump and Brown 
1990). The increase in radiation resistance may be due 
to increased content of SH substances in tissues 
sensitive to radiation (Bacq 1965), because cysteine 
constitutes approximately 30 % of the amino acid 
composition of metallothionein (Kagi et al. 1984, Dunn 
et al. 1987). The degree of radiation protection seems 
to be comparable to that of known chemical agents 
such as cystamine, because our results are compatible 
with the findings of Vacek et al. (1971, 1985), who
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showed a similar increase in Do, PF and DRF values 
for mice exposed to cystamine. When evaluating the 
radiosensitivity of marrow GM-CFC, no significant 
modification of Do was observed. The reason for the 
discrepancy in the response of splenic and marrow cells 
to the protective action may be due to either a different 
degree or a different ability of cadmium to modify the 
radiosensitivity of splenic endoCFU-S and marrow 
GM-CFC. Our results indirectly support Matsubara’s 
hypothesis that metallothionein is a crucial substance in 
the protective mechanism. Increased radiation 
resistance of the self-renewing haemopoietic cell 
populations is manifested by an increased survival rate 
of stem cells and an acceleration of regeneration from 
radiation damage. A change in the slope of the 
regression lines of the number of endoCFU-S in
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