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In order to clarify the mechanism of hemopoietic depression induced by ni
trous oxide inhalation, effects of prolonged nitrous oxide exposure on the settle
ment of transplanted bone marrow cells were investigated. Mice were continuously
exposed to mixed gas containig 50% nitrous oxide, 21% oxygen and 29% nitro
gen for 7 days and then they were irradiated with 850 rads. By the irradiation,
endogenous pluripotent hemopoietic stem cells (CFU-S) almost disappeared in
the mice. Normal syngenic murine bone marrow cells were injected intravenously
and the numbers of CFU-S, which settled in the bone marrow and spleen 2 hr
after injection, were measured. There was no difference of the numbers of CFU-S
settled in the bone marrow between nitrous oxide and control gas exposed mice.
In contrast, the numbers of CFU-S in the spleen of nitrous oxide exposed mice
were approximately 60% of the control. These results and our previous data sug

gest that hemopoietic inhibitory effects of nitrous oxide in mice are due to a dam
age of splenic hemopoietic microenvironment, that supports the settlement of
hemopoietic stem cells. (Key words: nitrous oxide, hemopoietic stem cells (CFU
S), hemopoietic supportive microenvironment, bone marrow transplantation)

(Suzuki K, Kirikae T, Konno M et al.: Prolonged nitrous oxide exposure
inhibits settlement of transplanted hemopoietic stem cells in murine spleen. J
Anesth 3: 43-47, 1989)

Nitrous oxide has been reported to be
toxic to the hemopoietic tissues of man
in 19561- 3 . Since then there have been
several clinical reports on leukocytopenia
and/or acute bone marrow depression, re
sulting from prolonged administration of
nitrous oxide in man3 - 5 • Several experi
ments using rodents showed that long-term
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exposure to nitrous oxide induced signifi
cant leukocytopenia7 ,8 and histocytological
hypoplastic changes in the bone marrow",

However, there has been no report on the
effects of nitrous oxide on the hemopoietic
stem cells in vivo. We investigated recently
the effects of nitrous oxide on the numbers of
pluripotent hemopoietic stem cells (CFU
S) and granulocyte-macrophage progenitor
cells (GM-CFC) in murine bone marrow
and spleen10. Prolonged exposure to nitrous
oxide elicited decreases in the numbers of
these cells in both the bone marrow and
the spleen. The decrease was especially re
markable, in the spleen, compared to a slight
decrease in the bone marrow. More recently,
we showed that recovery of hemopoietic stem
cells was delayed in mice which were given
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Fig. 1. Determination of CFU-S, settled in

the bone marrow and spleen.
Detailed explanations were described in Materials
and Methods.

low dose-irradiation followed by continuous
exposure to nitrous oxide!", The delay of
recovery was also distinct in the spleen, but
only slight in the bone marrow. These results
suggest that nitrous oxide may not directly
affect the growth and differentiation of the
hemopoietic stem cells but causes damage
to the hemopoietic microenvironment, which
supports settlement, proliferation and differ
entiation of hemopoietic stem cells, and that
the damage is localized in the spleen rather
than the bone marrow. However, there is no
direct evidence for this hypothesis.

Present study was carried out to estimate
a possible direct effect of nitrous oxide on the
function of hemopoietic microenvironment.
Settlement of the transplanted hemopoietic
stem cells in the bone marrow and spleen of
prolonged nitrous oxide exposed mice were
investigated.

Materials and Methods

Exposure to Nitrous oxide
Seven-week-old male mice of C3H/HeSlc

strain (Shizuoka Agricultural Cooperative
Association for Laboratory Animals, Hama
matsu) were used at the start of these stud
ies. Nitrous oxide exposure was carried out

in chambers with 21% O2 , 29% N2 and 50%
N20 at 21-24°C and about 70% humidity.
The gas-mixture was circulated through the
chambers by an anesthetic machine. Carbon
dioxide was absorbed with soda lime placed
on the floor of chambers. Mice were housed
at 4 to 5 mice per cage, and fed with the
standard diet and water ad lib. The cham
bers were opened every 48 hours for cleaning
and the exchange of food and water. These
mice were continuously exposed to nitrous
oxide for 7 days. The control mice were
housed in the same manner expect for expo
sure to the gas-mixture containing 21% O2

and 79% N2 - As previously reported':", mice
exposed to nitrous oxide appeared alert and
behaved normally.

Assay of the number of transplanted
pluripotent hemopoietic stem cells (CFU.
S), which settled in the bone marrow and
spleen
In order to determine the capacity of

hemopoietic supportive microenvironment in
the bone marrow and spleen, which settle
transplanted pluripotent hemopoietic stem
cells (CFU-S), following double transfer
experimentsP were carried out (fig. 1).

1) Preparation of bone marrow cells for
transplantation

Normal syngenic murine bone marrow
cells were flushed into 0: - minimal essential
medium (o:-MEM) from tibiae and femora,
using an injection syringe. The cells from 3
mice were pooled and counted. After measur
ing the number of bone marrow cells, the cell
suspension was diluted to 5 x 107 cells/rnl.

2) Transplantation of bone marrow cells
Recipient mice to which nitrous oxide

or control gas were given whole-body X
irradiation with 850 rads of cobalt 60 (at
approximately 80 rads per minute). Soon
after irradiation, 0.2 ml of normal bone mar
row cell suspension (1 x 107 bone marrow
cells) was injected intravenously to recipient
mice.

3) Determination of numbers of CFU
S that settled in the bone marrow
and the spleen after the bone marrow
transplantation

Recipient mice, which had received trans-
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Table 1. Effects of N20 on the settlement of
CFU-S in the spleen after bone mar
row transplantation

Table 2. Effects of N20 on the settlement of
CFU-S in the bone marrow after bone
marrow transplantation

N20 Control N20 Control

No. of mice 10 10 No. of mice 9 9

No. of transplanted
2.10 ± 0.52 x 103 No. of transplanted

2.24 ± 0.38 x 103
CFU-S CFU-S

No. of total cells in No. of total cells in
spleen 2 hours after 5.70 x 107 9.80 X 107 tibia 2 hours after 5.38 x 106 4.72 X 106

transplantation transplantation

No. of CFU-S settled in No. of CFU-S settled in
spleen 2 hours after 292 ± 76 480 ± 122 tibia 2 hours after 31 ± 10 33 ± 8
transplantation transplantation

'Spleen weight of mice
38.2 ± 7.6 53.7 ± 13.0

Spleen weight of mice
23.1 ± 2.0 22.9 ± 1.1for CFU-S assay* (mg) for CFU-S assay (mg)

Seeding efficiency (f) ** 0.14 0.23 Seeding efficiency (f) 0.014 0.Q15

Mice were continuously exposed to N20
or control gas for 7 days, then were given X
irradiation. To these mice, normal bone marrow
cells (0.9 x 107

) were injected i.v. After 2 hours
numbers of total cells and CFU-S in the spleen
were assayed. For the assay of CFU-S, 1/20 of to
tal spleen cells were injected per mice. Mice for the
assay of CFU-S, were sacrificed after 10 days, and
weights* and numbers of colonies in the spleen
were determined. Seeding efficiency (f)** = No.
of CFU-S settled in the spleen after 2 hours of
transplantation/No. of transplanted CFU-S.

planted bone marrow cells, were housed un
der N20 in control gas conditions for 2 hours
and then mice sacrificed for assays of CFU-S
in the spleen and bone marrow, as pre
viously described. Briefly, appropriate num
bers of spleen cells and bone marrow cells
were injected intravenously into lethally irra
diated (850 rad of cobalt 60) recipient mice,
and macroscopic colonies on the surface of
the spleen were counted as CFU-S 10 days
later13.

Results

No effect of N20 on radiosensitivity of
murine hemopoietic stem cells
To determine whether or not endogenous

hemopoietic stem cells in N2O-exposed mice
survived after 850 rads of X-irradiation, the
following examination was carried out. Mice
were exposed to N20 or control gas af-

Data were determined as described in Methods
and table 1. In assays of CFU-S, 1/5 of total tibial
cells were injected i.v, per mouse.

Seeding efficiency (f)* = No. of CFU-S settled
in tibia after 2 hours of transplantation/No. of
transplanted CFU-S.

ter irradiation, and colonies in the spleen,
derived from survived endogenous CFU-S,

were counted 10 days later. The numbers of
endogenous CFU-S in control gas and N20 
exposed mice were 0.2 ± 0.6 (n = 9) and
0.2 ± 0.4 (n = 5), respectively. There was
no difference between them. These results
suggests that the inhalation of N20 does
not affect the radiosensitivity of hemopoietic
stem cells.

Inhibitory effects of N 2 0 on settlements of
CFU-S in the spleen
As shown in table 1, the number of

CFU-S settled in the spleen was 480, two
hr after injection of approximate 2,100 of
CFU-S in control mice. Calculating from
these data, the seeding efficiency (f) of
CFU-S in the spleen was 0.23. The value
almost corresponded well to those of previ
ous investigators12-14 . In contrast, in N20
exposed mice, cellularity and the number of
CFU-S in the spleen were significantly less
than those in control mice (58% and 61% of
control, respectively). The seeding efficiency
of CFU-S in the spleen of N20-exposed mice
was 0.14.
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No effect of N20 on the settlements of
CFU-S in bone marrow
Settlements of CFU-S in the tibia of N20

exposed mice were examined (table 2). Cel
lularity and the numbers of CFU-S were
not different between control-gas and N20
exposed mice. Seeding efficiencies (f) were
essentially the same. The f value of CFU-S in
tibia (0.14-0.15) also corresponded to those
of previous reports15,16.

Discussion

Recently, we have examined the in
hibitory effects of N20 on hemopoiesis us
ing techniques for clonal assay of pluripo
tent hemopoietic stem cells (CFU-S)13
and granulocyte-macrophage precursor cells
(GM-CFC)17. Inhalation of N20 was found
to cause a marked inhibition of hemopoiesis
in murine spleen, but only slightly in bone
marrow!". Furthermore, N20 exposure inhib
ited the recovery of CFU-S and GM-CFC
after irradiation!", Such inhibition was also
remarkable in the spleen, but only slight in
the bone marrow. In the present study, it
was found that the inhalation of N20 in
hibited settlements of transplanted CFU-S in
the spleen, but not in the bone marrow.

Hemopoietic depressions are thought to be
induced by two mechanisms'". One is a di
rect damage to hemopoietic stem cells, such
as by X-irradiation and by anti-tumor drugs.
The other is an indirect growth inhibition
of the stem cells via hemopoietic support
ive microenvironment, which can support
proliferation and differentiation of hemopoi
etic stem cells. The existence of hemopoietic
depressions by these mechanisms was demon
strated by skillful analysis of genetic anemic
mice using CFU-S assay, showing that the
anemia of genetically anemic W /Wv and
Sl/Sld mice are due to the defect of the stem
cells and hemopoietic supportive microen
vironments, respectively'Pr'''. The principal
mechanism of N20-induced hemopoietic de
pression may be the latter for the following
reasons: 1) N20 did not directly affect the
colony formation GM-CFC in vitro, as re
ported by Nunn and his colleaguese". 2)
Extent of the decreases in the numbers of

CFU-S and GM-CFC, induced by in vivo
inhalation of N20, showed the difference be
tween the spleen and the bone marrow!",
If N20 had directly inhibited the prolifera
tion and differentiation of hemopoietic stem
cells, above difference would not have been
observed. 3) The similar difference was ob
served in the recovery of hemopoietic stem
cells after irradiation in mice exposed to
N2011 . 4) Furthermore, the present data di
rectly demonstrated the inhibitory effects of
N20 on one of the functions of hemopoietic
supportive microenvironment.

It is well known that the spleen is one
of the hemopoietic tissues in adult mice
and a primary organ for acute hemopoietic
response to exogenous stimuli, such as bac
terial infection and X-irradiation22-24. The
differences between splenic and medullary
hemopoiesis are attributable to the difference
in the hemopoietic supportive microenvir
onments. Present results suggest that N20
inhalation causes damage of splenic hemopoi
etic microenvironments, which can support
the settlement of transplanted CFU-S. Al
though the seeding efficiency of CFU-S is one
aspect of the function of hemopoietic sup
portive microenvironments, N20 may inhibit
murine hemopoiesis by way of hemopoietic
supportive microenvironments.

Acknowledgements: This work was supported
in part by a Grant-in-Aid (63771162) for Scien
tific Research from The Ministry of Education
of Japan. We thank Dr. M. Hashimoto for help
ful discussions and illustration, and Ms. V.L.
Braymer for preparing this manuscript.

(Received Aug. 16, 1988, accepted for publi
cation Oct. 21, 1988)

References

1. Ablett JJL: Tetanus and the anaesthetists.
Br J Anaesth 28:258-273, 1956

2. Lassen HCA, Henriksen E, Kristensen HS:
Treatment of tetanus. Severe bone-marrow
depression after prolonged nitrous oxide
anaesthesia. Lancet i:527-530, 1956

3. Wilson P, Martin FIR, Last PM: Bone
marrow depression in tetanus. Report of a
fatal case. Lancet ii:442-443, 1956

4. Sando MJW, Lawrence JR: Bone marrow



Vol 3, No 1 N20 induced hemopoietic depression 47

depression following treatment of tetanus
with protracted nitrous oxide anaesthesia.
Lancet i:588, 1958

5. Stead AL, Bush GH, Roth F: A severe case
of tetanus showing interesting features. Br J
Anaesth 34:49-56, 1962

6. Green CD, Eastwood DW: Effects of ni
trous oxide inhalation on hemopoiesis in
rats. Anesthesiology 24:341-345, 1962

7. Johnson MC, Swartz HM, Donati RM:
Hematologic alterations produced by ni
trous oxide. Anesthesiology 134:42-49, 1971

8. Parbrook GD: Leucopenic effects of pro
longed nitrous oxide treatment. Brit J
Anaesth 39:119-127,1967

9. Kripke BJ, Talarico L, Shah NK, Kelman
AD: Hematologic reaction to nitrous oxide.
Anesthesiology 47:342-348, 1977

10. Konno M, Kirikae T, Suzuki KS, Yoshida
M, Mori KJ, Wakusawa R: Effects pro
longed nitrous oxide exposure on hemopoi
etic stem cells in mice. J Anaesth 1:29-34,
1987

11. Konno M, Kirikae T, Suzuki KS, Yoshida
M, Mori KJ, Wakusawa R: Increased lethal
ity and delay in the recovery of hemopoietic
stem cells after irradiation in mice exposed
to nitrous oxide. Acta Anaesthesiol Scand
32:213-217, 1988

12. Siminovitch L, McCulloch EA, Till JE: The
distribution of colony-forming cells among
spleen colonies. J Cell Physiol 62:327, 1963

13. Till JE, McCulloch EA: A direct measure
ment of the radiation sensitivity of nor
mal mouse bone marrow cells. Radiat Res
14:213-221, 1961

14. Schooley JC: The effect of erythropoietin
on the growth and development of spleen
colony-forming cells. J Cell Physiol 68:249,
1966

15. Lahiri SK, Van Putten: Distribution and
multiplication of colony-forming units from
bone marrow and spleen after injection in
irradiated mice. Cell Tissue Kinet 2:21,
1969

16. Kretchmer AL, Conover WR: Colony
forming cells in the spleen; Determination
of the fraction transplanted. Transplanta
tion 8:576-581, 1969

17. Bradley TR, Metcalf D: The growth of
mouse bone marrow cells in vitro. Aust J
Exp BioI Med Sci 44:287-299, 1966

18. Wolf NS, Trentin JJ: Hemopoietic colony
studies. V. Effect of hemopoietic organ
stroma on differentiation of pluripotent
stem cells. J Exp Med 127:205-227, 1967

19. McCulloch EA, Siminovitch L, Till JE:
Spleen-colony formation in anemic mice of
genotype W jWv . Science 144:844-846, 1964

20. McCulloch EA, Siminovitch L, Till JE,
Russell ES, Bernstein SE: The cellular basis
of the genetically determined hemopoietic
defect in anemic mice of genotype si/sr'.
Blood 26:399-410, 1965

21. Nunn JF, Sturrock JE; Howell A: Effect
of inhalation anaesthetics on division of
bone-marrow cells in vitro. Br. J Anaesth
48:75-81, 1976

22. Mori KJ, Kitamura Y: Role of the spleen
in carbon-induced radioprotection. Int J
Radiat BioI 30:487-490, 1976

23. Miyanomae T, Okabe T, Mori KJ,
Seto A: Effects of Salmonella infection
on hematopoietic stem cells in mice.
Biomedicine 36:348-353, 1982

24. Queensberry PJ, Moreley A, Ryan M,
Stohlman F: The effects of endotoxin on
murine stem cells. J Cell Physiol 82:239
244, 1973


