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On the mechanism of the protection of mice

by environmental hypoxia.*
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The reduction of radiation sensitivity of mammals by hypoxia was demonstrated under a variety of
experimental conditionsD®®. It has been shown that, for protecting mammals against lethal dose of
radiation, the critical level of hypoxia (5% O, or less), is as effective as any other chemical protective
agents?),

When 10% and 89, oxygen content in environment was used for protection, strain and species dif-

ferences in survival of mammals exposed by X ray were observed®.

* Contribution No. 42 from Department of Experimental Radiology, Faculty of Medicine, Kyoto University,
Kyoto.
* Research fellow of Japan Society for the Promotion of Science. Present adress: Institute of Biophysics,
Czechoslovak Academy of Sciences, Brno, Czechoslovakia.
? Central Research Inst., Toshiba, Kawasaki, Japan.
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In the present experiments a comparison of protection by hypoxia of gut and hematopoietic tissue
was made. The results obtained so far are not extensive enough to verify every details of the protection
of hematopoietic tissue, but seem to support the proposed role of protection of hematopoietic tissue in
survival of mice irradiated in environmental hypoxia.

Main study was done in mice RF and dd/YF strains, and for comparison. were used mice of other

strains.

Material and Methods

Mice of strains RF, CF#l1, dd/YF, DBA/2, and C57B1/6, of both sexes, were used, at 60-70 days
of age.

Before irradiation mice were adapted in animal roora at least for 3 weeks at normal physiological
conditions, with free access to food and water.

There were used 20-25 mice in each group of experiments, except the measurement of the weight
of intestine where 10 mice was used, and in determination of 5%Fe incorporation 8-10 mice in a group
was used.

Mice were irradiated by X-ray machine at 200 kV, 25 mA, filtration 1.0 mmCu and 0.5 mm Al.,
dose rate 50R/min. Doses used are given in figures and table.

In experiment with irradiation of mice in nitrogen atmosphere a 6 MeV linear accelerator was used
(LINAC—Toshiba), with. dose rate of about 6000R /min.

During irradiation mice were kept in air or in various level of environmental hypoxia. Decrease
of the oxygen content in environment was done by reduction of the barometric pressure of air, or by using
the gas mixture of 109, O, + 90% N,, or 8%, O, + 929, N,, or nitrogen gas was used. During breathing
10% or 8%, oxygen mice were kept in normal conditions, while when nitrogen was used, mice were ane-
asthetized by intraperitoneal injection of nembutal (2 mg/10g).

In experiments with the use of the low barometric pressure of air, 480 mB or 380 mB of air was used,
which corresponds to 109, or 89, oxygen content in air respectively. Two control groups were used:
the first breathed 109, or 8%, of oxygen in gas mixture at normal barometric pressure, and the second
was placed in chamber filled with oxygen at the decreased pressure of oxygen to 480 mB or 380 mB.

Measurements of oxygen tension in tissues was done by our modification of Clark microelectrode?.
During measurement of oxygen tension in tissue (spleen and muscle), mice were anesthetized by intra-
peritoneal injection of nembutal (2mg/10g).

The weight of the small intestine was used for the estimation of the effects of irradiation on the gastro-
intestinal tract. Animals were killed by cervical dislocation on the third day after irradiation of 900R,
the intestine was, removed, dissected, cleaned from excretion, and dried for 7 hrs. at 130°C. At the
same time the wet weights of the spleen and thymus were determined.

The effects of irradiation on the hematopoietic tissue were determined by i) counting endogenous
spleen colonies, i) by measurement of 3¥Fe incorporation in the femur and spleen.

i) For counting endogenous spleen colonies (ESC), the spleen was harvested 10 days after irradia-
tion, and the number of nodules in the spleen was counted after fixation in Bouin’s solution®.

ii) %9Fe incorporation in the spleen and femur was determined 24 hrs after the intraperitoneal
injection of #¥Fe,(ferrous citrate, spec. act. 12.8 mC/mg Fe)at a dose 0.5 xC/mice. The femur was cleaned
from muscle tissue, and the spleen was washed in water, in order to eliminate the possible contamination
of the organ surface by intraperitoneal injection of 59Fe™. Measurement was done with a single channel
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pulseheight analyser with a digital scaler and timer MP-GA. Results are presented as percentage of the
3%Fe uptake in experimental animals to that of control animals.
Tolerance of mice in hypoxia was estimated by percentage of survival of mice at the end of 15 min.

stay in chamber at 6%, of oxygen (280 mB of air).

Resulis
1. Survival of irradiated mice.
The median survival time (MST) after used doses of radiation given in air and 109, oxygen to RF
and dd/YF strains are shown in Fig. 1. After high doses of radiation in air pattern of death of mice of both
group indicate damage of gut. When mice were irradiated in 109, oxygen prolongation of MST in RF

Fig. 1 Median survival time of mice irradiated in air and in 10% O,.
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as well as in dd/YF was observed. In doses lower than 800R irradiation in 109, oxygen did not changed
MST in RF strain, as compared with irradiation in air, but in dd/YF strain hypoxia prolonged MST
after all doses used. So the MST of mice irradiated in hypoxia was dese-dependent in dd/YF but not in
RF.

Survival curves after lethal doses of radiation given in air and 109} oxygen in different strains of mice
are shown in Fig. 2a, 2b, 2c. Because of the differences in radiosensitivity 500R to RF mice, 550R to

Table 1. Change of LD50/30 after irradiation in hypoxia.

LINAC
air 1040, | DRF | 8%0,| DRF ‘-
air RBE | N, DRF
RF 460 510 1.11 610 1.32 — - - =
dd/YF (20 800 1.3 1050 1.7 920 0.68 2350 2.56
LD50/30 was estimated by probit method DRF — dose reduction factor

RBE —relative biological effectiveness
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Fig. 2 30 day survival of different strains of mice after irradiation in hypoxia.
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2b- strain CF#1

2c~ strain DBA/2 and C57Bl/6

CF#1 mice, and 700R to dd/YF, DBA/2, and C57B1/6 mice gave similar patterns of hematopoietic death -

when irradiated in air.

But the same doses given in 109, oxygen resulted in different patterns, i.e. the

percentage of 30 day survival are low in RF and CF§1 as compared with that in the other three strains.

Thus it may be indicated that the protective effect of hypoxia on hematopoietic tissue is higher in DBA/2,

C57B1/6 and dd/YF than in CF#1 and RF strains.
Table 1.

conditions in RF and dd/YF mice are shown in

For more detailed comparison LD50/30 in various

Differences in DRF of hypoxia (10%, oxygen)

and 8%, oxygen were observed, between the two strains, which also indicated higher protective effect of
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Table 2. Oxygen tension in the spleen during environmental hypoxia (2 of initial value)

oxygen content
strain —
109 8%
dd/YF 40 25
C57Bl/6 40 15
DBA/2 45 20
RF 60 35
CF#1 55 30

Fig. 3 Woeight of tissues in the 3rd day after irradiation in air and hypoxia (8% 0,).
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hypoxia in dd/YF strain.

Results of Linac experiments showed that RBE of high energy and high dose rate X-ray was 0,68 in
the present conditions of experiments, and DRF as high as 2.56 is attained by irradiation in short-term nitro
gen breathing. It may be suggested that by breathing 89, oxygen, the oxygen tension in tissues may be
higher than in case of breathing nitrogen gas.

2. Oxygen tension in the spleen of mice decreased during breathing 109 or 89, oxygen (Table 2).
Decrease of tension was lower in the spleen in mice RF and CF#1, than in other strains of mice, but the
differences are not statistically significant.

3. Decrease in the weight of gut on the third day after irradiation seemed to depend on the dose of
irradiation up to 900 R (Fig. 3a). Further increase of the dose till 1300R did not result any more decrease
of the weight of intestine. Hypoxia (8% O,) during irradiation decreased the drop of the weight of
intestine at all doses used.

No statistically significant differences in the weight of intestine in control groups was observed between.
RF and dd/YF strains of mice. Also the weight of intestine on the third day after irradiation 900R
in air or 8%, oxygen did not indicate singnificant differences among both of used strains. Hypoxia pro-
tected the mice from the drop of the weight of intestine at comparable level in both strains of mice (Fig.

3b).

Fig. 4 Dependence of the amount of endogenous Fig. 5 Mouse strain differences in endoge-
spleen colonies in different strains of mice on nous spleen colony count after irradiation
the O, content during irradiation. in air and in hypoxia.
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The weight of the spleen and thymus of both strains is slightly higher if irradiated in hypoxia.

4. In the spleen of mice survived 10 days after irradiation endogenous spleen colonies (ESC) were
observed. Comparison of the mean ESC count after irradiation of 700 R in air, 10%, and 89, oxygen is
given in Fig. 4 and 5. Fig. 4 indicates approximately linear dependence of the increase in the ESC count
per spleen in all mice on the decrease of the oxygen content in environment.

No differences in ESC count were observed when environmental hypoxia was attained by using the
gas mixture at normal barometric pressure or when low barometric pressure of air was used.

In comparison of the mean ESC count between male and female sex difference in ESC count was
observed only in C57B1/6 strain when irradiated in air (Jlower value in male 0.6 4- 0.21 than in female
2.2 4+ 1.5) (Fig. 5), but not after irradiation in hypoxia- 10%, O;—(male 24.7 + 4.3; female 28.8 4 7.7).
In other strains no sex differences was observed in ESC count and in figures pooled data of both sexes are
given. After irradiation 700R. in air or in 10%, oxygen, the mean ESC count was lower in RF and CIF§l
than in other strains, but when 8%, oxygen was used the mean ESC count for 700R increased in all strains
to more than 50; the spleen was full of colonies and it was difficult to count them accurately. ‘When mice
were irradiated 900R in 8%, oxygen the mean ESC count was lower in RF and CI%1 strains as in case
of irradiation of 700R in 10%, oxygen.

5. Determination of the 24 hour 3Fe incorporation in the spleen and femur of mice dd/YF, DBA/2,
RF, and CF#1 after 20 min stay in 8%, oxygen did not show any increase in the radioiron uptake within 4
days after exposure to hypoxia.

In the spleen of mice irradiated 700R 5°Fe uptake decreased already within the first day after irra-
diation, and there were no differences in the initial decrease of radioiron uptake even if mice were irra-
diated in air or in hypoxia (8%0,) (Fig. 56). In mice irradiated in air radioiron uptake remained in the
low value till the end of observation (10 days), while in mice irradiated in hypoxia 3Fe uptake started

to increase from the 4th day after irradiation.

Fig. 6 Uptake of Fe by spleens of mice irradiated 700R in air and in 8 % O,.
SPLEEN T7O0R dd/YF
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10 g " = o x——x
01 2 34 5 678 9 10 01 234 56780910

— days after irradiation

59Fe uptake in the femur increased within the first day after irracliation 700R,, but decreased from
the second day (Fig. 7a, b). In all strains the decreased level of radioiron uptake in the femur was higher
in mice irradiated in hypoxia, than irradiated in air (Table 3), but till 10 days after irradiation radioiron

uptake did not restore the control level of non irradiated mice.
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Fig. 7 Changes in uptake *Fe in femur after irradiation 700R in air and in 8 % O,.
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Table 3. *Fe uptake* in femur and spleen on 5th day after irradiation TO0R.,
femur spleen
strain
air 8 2;0, air 8 90,
RF 20 33 10 17
CF§1 24 36 5 12
dd/YF 30 65 3° 5°
DBA/2 39 66 } 4 6

* 24 hour uptake in percentage of non irradiated control.
° used data from 3—4 day after irradiation.

6. Tolerance to hypoxia.

Survival for 15 min. stay in acute hypoxia were 16%, in dd/YF, 209, in DBA/2, and 25%, in C57B1/6
strains, while in strain RF survived 60% and in CF#1 40% of mice. In Fig. 8 and 9 the tolerance to
hypoxia of various strains of mice is compared with their survival after irradiation 700R. in 109, oxygen
(Fig. 8), and with the mean ESC count (Fig. 9). Results indicate that mice with higher tolerance to
hypoxia (RF and CF%1) were less protected by 109, oxygen, and have lower ESC count as compared

with other strains used.
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Fig. 8 Relation between survival in acute hyp- Fig. 9 Relation between survival in acute hyp-
oxia (6 2% O;) and intensity of protection by oxia and mean endogenous spleen colony co-
stay in 10% O, during irradiation. unt after irradiation in air and in 10% O,,
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Discussion

In the present study the difference in survival of mice irradiated in environmental hypoxia was de-
monstrated among strains of mice with different radiosensitivity (RF and CF41 LD50/30 450—500R ;
dd/YF, DBA/2 and C57B1/6 LD50/30 600-700R). Mice of strain dd/YF, DBA/2 and C57BI /6 seem
to be well protected by reduction of oxygen content in environment as compared with those of strain CF§1
and RF. These results may explain the controversial results that van den Meer et al.2 observed protec-
tion of mice when irradiated in 109, oxygen, while Dowdy et al.Dused 109, oxygen for protection with-
out effect, since the difference in strains used can be assumed.

Decrease of oxygen content in environment reduced oxygen tension in tissues of mice, and in agree-
ment with above mentioned authors’®we observed in each strain the correlation between the decrease
of oxygen tension in the spleen and the intensity of protection by environmental hypoxia. When a si-
milar level of hypoxia is used for protection in different strains of mice, the decrease of oxygen tension
in the spleen showed some differences among strains, though they were not statistically significant.

Among the same strains used, in strain RF and CF%l were reported® previously to have higher
oxygen consumption in tissues (spleen, bone marrow a.c.) than C57B1/6, as measured in vitro. Though
it is very difficult to extrapolate from the results in vifro to conditions in vivo, it was assumed that, when
a similar level of environmental hypoxia was used, in strains with higher oxygen consurnption in tissues

(RF and CF%1) oxygen tension in tissues would be reduce to lower level than in C57B1 /6 strain in which
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lower oxygen consumpticn in tissues was reported. But slightly higher level of oxygen tension in the
spleen of mice RF and CF§l, when breathed 10% oxygen, and their higher survival in acute hypoxia
may indicate higher compensation activity for mainfaining the oxygen tension in tissue in these strains
than in the other strains used. High tolerance to hypoxia may to some extent explain lower decrease
of oxygen tension in the spleen of RF and CF¥1 strains of mice and their lower protection by 10%, oxygen
in environment.

In previuos experiments® differences in survival were not observed between RF and dd/YTF strains,
irradiated 700R after injection of para-aminopropiophenone (PAPP) and propylene glycol (PG). As
PAPP and PG as environmental hypoxia decreased oxygen tension in tissues of mice. In case of PG
the level of decreased oxygen tension was comparable with the decrease of oxygen tension in the spleen
when 109, O, in environment was used. It is supposed that after the injection of PG oxygen tension in
tissues decreased as a result of an increase of oxygen consumption in tissues and evoked primary tissue hy-
poxia. Reduction of oxygen content in environment evokes primary arterial hypoxia, and change in
oxygen supply and oxygen tension in tissues depends on the ability of circulatory and respiratory systems
to maintain oxygen tension in tissues at available level. We suppose that this different way of the decrease
of oxygen tension in tissues can explain different results of both experiments.

In sheeps was found different hernoglobin types with considerably different oxygen affinities!®, which
influence their tolerance in hypoxia. This possibility in used strains of mice can not be excluded.

As far as the protective effect of environmental hypoxia on the damage of the gut are concerned,
differences in protection were not observed between strains RF and dd/YF. These results are supported
by our data of MST and delta Death Rate®.

In hematopoietic tissue the reduction of oxygen content in environment, during irradiation, can he
correlated with the ESC count in each strain. A comparison of the mean ESC count with survival of mice
irradiated in 109, oxygen indicates lower amount of ESC and lower protection by hypoxia in strain RF
and CFgl than in the other three strains. But when 89 oxygen was used for protection, mean ESC
count increased in all strains to similar values. Comparison of the ESC count after irradiation in 109,
with that in 89 oxygen indicate, in R and CF%1 strains of 9-10 fold increase while, in other strains used,
the ESC count increased in average 2 times. This high level of increase in ESC count after irradiation
in 89}, oxygen may indicate the overcompensation of the hemopoietic production in strain RF and CF§l1.
Despite of the high increase of the ESC count in RF strain, DRF of protection bv 8%, oxygen showed lower
value in RF than that in strain dd/YF.

It was shown!Pthat the 4 day stay of mice in hypoxia increased 5*Fe uptake in the spleen but not in
femur. Our results indicate, however, that a short-time hypoxia used in ours experiments did not increas-
ed hematopoietic activity of the spleen and bone marrow.

The decrease of 39Fe uptake was observed, after irradiation, in the spleen as well as in femur. In
the spleen the decrease reached at a similar level when mice were irradiated either in air or in hypoxia.
But in bone marrow of femur the result may indicate higher damage of bone marrow cells in mice irra-
diated in air that in mice irradiated in hypoxia. After 700R the intensity of the decrease of radiciron
uptake was higher in strain RF and CF%1, than in dd/YF and DBA/2; while the intensity of protection

(i.e. difference between the level of radioiron uptake after irradiation in hypoxia and in air), was higher

in strains dd/YF and DBA/2 than in strains RF and CF§l.  The fact that differences in the decrease in
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39Fe uptake between mice irradiated in air and in hypoxia were observed in the bone marrow but not in
the spleen may suggest that a dose 700R damaged all pools of stem cells in the spleen, and observed en-
dogenous spleen colonies were resulted from the cells migrated from the bone marrow.

Mechanism of the increase of the Fe uptake within the first 24 hrs after irradiation is under study and

will be reported elsewhere.

Summary

The protective effect of environmental hypoxia against lethal effect of X-ray exposure was compared
in mice of different strains and radiosensitivity (RF, CF#1 LD50/30 450-500R; dd/YF, DBA/2, and
C57B1/6 LD50/30 600-700R).

1) Mice of strain dd/YF, DBA/2 and C57B1/6 were well protected by hypoxia as compared with
those in strains RIF and CF#1.

2) Hypoxia protected decrease of the weight of intestine, on the 3rd day after irradiation, in com-
parable level as in RF as in dd/YF strain.

3) Reduction of oxygen content in environment during irradiation correlates with mean endogenous
spleen colony counts in each strain of mice used. The mean ESC count is in good agreement with the
intensity of protection of mice by environmental hypoxia.

4) In mice RF and CFf1 was observed higher tolerance to hypoxia, than in other strains. Tole-
rance of mice to hypoxia correlates with protection by 10%, oxygen and mean ESC count.

5) The course of ¥Fe uptake in spleen and femur after irradiation 700R in air or hypoxia suggests
that hypoxia protected bone marrow cells while no protection of hematopoietic tissue of spleen was ob-
served.
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