Hematologic Alserations Produced by
Nitrous Oxide
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An atmosphere of 80 vol per cent nitrous oxide
and 20 vol per cent oxygen produced erythropoi-
etic and Jeukopoietic depression in rats in the first
two days of a six-day exposure. The depression
was rapidly reversed by return to room air. *Fe
and *C-thymidine distribution studies indicate that
hematologic depression occurs at the hematopoi-
etic stem cell or an alternate progenitor cell level.
The diminished erythropoietic r to erythro-
poietin of rats breathing nitrous oxide provides
further evidence for this contention. Lympho-
cytes were relatively resistant to nitrous oxide.
Electron spin {ESR) measur ts re-
vealed increased free radicals in the liver, whereas
levels in the spleen and marrow were too low to
measure. Fasting produced similar changes. When
animals exposed to nitrous oxide were fasted the
free radicals in the liver decreased to levels lower
than those in fasted control animals and paralleled
the hematopoietic changes. These results suggest
that nitrous oxide acts at the level of the hemato-
poietic stem cell to arrest hematopoiesis, an effect
which is rapidly reversible with return to room
air. No definite causal relationship between ESR

3} and the h logic ch induced by
nitrous oxide could be established. (Key words:
Nitrous oxide; Leukopoiesis; Free radicals; Eryth-

ropoicsis; Hematopoiesis; Stem cell; Electron spin
resonance; Starvation.)
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HEMATOPOIETIC DEPHESSION as @ consequenc
of exposure to nitrous oxide has been observes
in experimental and clinical situations.’- Th
initial observation? of granulocytopenia in
patient with tetanus during nitrous oxide ther
apy has been confirmed by other investigators
who also reported thrombocytopenia #-4 an
anemia.5>* In addition, marked leukopeni
with relative lymphocyte sparing> and d¢
creases in hemoglobin, erythrocyte count, an
ervthroblastic and myeloblastic activity in bong'
marrow ? in experimental animals have beef
reported. 5
The mechanisms by which nitrous oxidg:
produces hematologic depression has not beeft
clarified. The hematologic abnormalities coul
result from diminished hematocytogenesis, au@
mented blood cell destruction or an alteredt
distribution of the peripheral blood cells. Thes®
effects either could result from a toxic effect
nitrous oxide or could occur secondary to th@
associated reduction in oxygen tension. g
In the present study, hematopoiesis, with
emphasis on the quantitative evaluation of
eryvthropoiesis, was assessed during and fo]]ow,S
ing exposure to nitrous oxide. The response t?g:
ervthropoietic stimulation during exposure wis
also evaluated. Since a characteristic of nis
trous oxide is its ability to function as a freq%
radical scavenger, and since free radicals arg
important metabolic intermediates in energyg
transfer systems, the tissue content of frey
radicals was measured and correlated with thgt
hematologic data. =

==
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Methods and Materials

Female Wistar rats, Walter Reed stmilé
weighing 120-160 g were used. The pri>
ciples of laboratory animal care recommende3:
by the National Society for Medical Researc®
were observed. Preliminary experiments ind
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Fic. 1. Peripheral blood measurements. \bsulule granulocyte counts were determined by

multiplying percentages of

cated that rats exposed to nitrous oxide ate
little during the first 24 hours and that food
consumption had returned to normal by 48 to
60 hours. Therefore, food given control rats
was rationed during the first 48 hours of the
experiments, with food § and water allowed
ad lib. thereafter.

The nitrous oxide atmosphere was provided
by means of a plastic isolator and medicinal
grade bottled gas mixed to provide 80 vol per
cent nitrous oxide and 20 vol per cent oxygen
at a flow rate of 4 I/min. Circulation within
the isolator was maintained with a Muffin fan
and temperature was kept within 3 F of room
temperature. \Water and carbon dioxide were
absorbed by potassium hydroxide and calcium
carbonate, respectively. Oxygen and carbon
dioxide levels in the exhaust gas and in gas
samples obtained at the level of the animal
cages in the isolator ranged from 19.5 to 20
vol per cent and from O to 2.5 vol per cent,
respectively.

The flow rate of bottled compressed air, sup-

§ D & G Laboratory Biscuits, D & G Laboratory
Animal Food, Frederick, Md.

vies by total I te counts.

plying a similar isolator housing control rats,
was adjusted to provide carbon dioxide levels
comparable to those in the nitrous oxide isola-
tor. During the recovery period following ex-
posure to nitrous oxide, the rats were kept in
their original isolators and a manifold was at-
tached to allow equal flows of compressed air
to both isolators.

Groups of four rats each, of approximately
the same weight, were placed in either com-
pressed air or nitrous oxide environments. Con- 2
trol and experimental groups of four rats each 8 =
were killed on the second, fourth, and fnal & S
(sixth) days of exposure. Control and experi- §
mental groups were also sacrificed during the >
recovery period, eight and 11 days after thea
experiment began. Duplicate determinations &
of microchematocrit, hemoglobin, erythrocyte @
count, reticulocyte count, leukocyte count and §
differential were made at the time of sacrifice. g
Eighteen hours after intraperitoneal injection, O
the distribution in the cells, liver, spleen and >
marrow of a tracer dose of 1 uCi *Fe/1 pg E
%Fe sulfate was determined 1 as an index of 1
ervthropoiesis. The distribution of 1 xCi HC- N
thymidine in the blood, spleen, liver and mar-
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row was measured as an index of nucleic acid
synthesis 18 hours after administration.

The erythropoietic response to exogenous
erythropoietin was assessed in another experi-
ment. One-ml amounts of anemic rat plasma
rich in erythropoietin, prepared by the method
of Hodgson and Eskuche,' were injected in-
traperitoneally 48 and 72 hours after the be-
ginning of exposure to nitrous oxide. The 15-
hour utilization of radioiron by erythrocytes
was determined at 96 hours,

In other experiments, electron spin reso-
nance (ESR) measurements of free radicals
were made using livers and kidneys of experi-
mental and control animals. The animals were
anesthetized and killed and the samples re-
moved, prepared and amalyzed as previously
described.?? Low microwave power (approxi-
mately 1 mw) was used to emphasize free
radicals. Since nitrous oxide did not change
the shapes of the ESR spectra, relative quanti-
tative data were obtained by measurement of
the peak-peak heights of the first derivative
curves. All samples were run at least twice
and samples from at least three animals were
averaged to obtain each point. Attempts to
measure free radicals in the bone marrow and
spleen were unsuccessful because of the low
levels of free radicals in these organs. A ¢ test
for paired data was used to evaluate differ-
ences between experimental and control values

for each sampling period. P < 0.05 was con
sidered significant.

Results
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ments are shown in figure 1. There were nox
significant changes in hematocrit or hemnglo~§
bin concentration in either experimental Ol’-h
control groups at any time. Reticulocyte con-b
centrations were significantly depressed aftexo
two, four, and six days of exposure to nitmusg
oxide, the lowest value being reached by foum
days (fig. 1). Values increased rapidly dunng_\
the recovery period and averaged 168 per centS
of control levels at the end of the experiment2
Granulocyte concentrations progressively deS
creased during exposure to nitrous oxide andZ
had not returned to control levels at the timeS
of the last sampling (five days post-exposure).>
Total Jeukocyte concentrations (81-95 per centS,
lvmphocytes) were less affected than gmnu]o—l:r
cyvte concentrations.

Figure 2 shows *°Fe and MC-thymidine d:s 5
tributions in peripheral blood as a function ofg
time. The 3*Fe uptake paralleled the responseo
shown by the reticulocyte count. Both 3°F e>
uptake and reticulocyte count decreased rap3,
idly through day 4 to about 25 per cent of
control values and then remained relatively®
constant through day 6. At day 11, after five
days without N.O, both values were well
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above control levels. The incorporation of C-
thymidine into peripheral blood cells showed
changes similar to those seen in the reticulo-
cyte and granulocyte counts, although Iympho-
cytes, which have low rates of incorporation,
comprised 80 per cent of the total leukocytes.
At day 11 (five days post-exposure), *C-thy-
midine values were significantly elevated com-
pared with controls.

Figure 3 shows comparable isotopic levels

in the spleen which functions as a hematopoig

. <
etic organ in the rat. In contrast to the find-g°
ings in peripheral blood, incorporations of both?_,‘
%9Fe and “C had reached their lowest ]evels,'?D
by day 2 of exposure. The values returned to-S
ward control levels thereafter, and were notg
significantly different from control values byx
day 6.

Figure 4 shows the distributions of 3°Fe andQ®
14C-thymidine in the bone marrow. Both ex-R

/T

=

o

]

MARROW 2

]

3 2001mTROUS OXIDE EXPOSURE | RECOVERY IN ROOM AIR =

= 1 N

x 1757 1 o

3 ! g

1504 i =}

£ | 2

Fic. 4. Distibution of £ 1257 =
“Fe and *C-thymidine in be &
the bone marrow. ° in- N 1004 B
dicates significance at the - . 59 Fe;
0.05 level. Each point & | el
represents four rats. z 737 | l4c @
b . [ 8

< 5G4 o

E' | =]

% 259 ! 8

3 } g

T T T T T ;

o 2 4 6 8 10 3

s

DAYS



JOHNSON, SWARTZ, AND DONATI

Anesthesiology

46 Jaouary 1971
Tapre 1. The Erythropoietic Response to Ix Lrytt ietin
- s w)
- N o Numbe: Per Co 3lood MF Spleen MFe
Experimental Conditions VRN | Reaentes | P@n° | YR g
96 hours in room air 6 44 16,000 16,000 §
Control 3
96 hours in room air + erythropoietin 6 10.1 45,000 17,000
96 hours in N0 6 14 3,000 12,700 3
Experi 1 =
96 hours in N:0 + erythropoietin 6 2.0 8,000 8,000 2
2y
o
N

perimental and control values showed consid-
erable spread, and no significant differences
were found except that **Fe and *C-thymi-
dine levels had decreased after four days of
exposure. Because of this vardation, the lack
of significant changes does not indicate that
these values did not change, but only that in
these experiments this measurement was in-
sufficiently precise to reflect changes.

The effects of stimulation with erythropoi-
etin are shown in table 1. Erythropoietin
stimulated reticulocyte production and eryth-
rocytic **Fe uptake two- to threefold in con-
trol rats. Ervthropoietin also stimulated ervth-
ropoiesis in rats exposed to N.O for 96 hours;
however, values for ervthrocytic incorporation
of **Fe and reticulocytes did not reach control
levels.

Initial experiments indicated (table 2) that
by 24 hours the livers of rats kept in nitrous
oxide contained increased amounts of free
radicals which persisted for at least 72 hours,
returning to normal within 48 hours of retum
to a normal atmosphere. Analysis of the ex-
perimental arrangement suggested that these
results might have been affected by the de-
creased food intake of the nitrous oxide-treated
animals and, therefore, experiments in which
normal animals were denied food were done.

TasLe 2. The Effects of Prolonged Breathing of

80 Per cent and 20 Per cent O: on Free
Radicals* in Rat Liver
“T'ime in Nitrous Oxide
1t
a8 Hlmus
72 Hours 96 Hours
Experimental | 95 1.3 (§) [101 4.7 (6) [ 84 =2.7 )
Contral T 235033 | 3315|062

* Recorded as peak-peak heizhts of fimst derivative curves
£8D.

Increases in free radicals similar to those seerp,
in animals exposed to nitrous oxide were found
(table 3), suggesting that the initial result§
could be explained by decreased food intakes
A second set of experiments in which both ni8
trous oxide-treated animals and controls \ver?;
denied food and water revealed that the level
of free radicals in the kidney was unaffecteds
by N.O, while the level of free radicals in the,
liver had decreased by four hours and was furg
ther depressed alter nine hours of treatmeng
(table 4).

Discussion

/4pd-sjone,

Nitrous oxide is lethal to the chick embryo,'¥
produces cytopathic effects in mammalian celE
culture systems,!® 14 is teratogenic in rodents,}®
and produces hematologic depression in ani®
mals and man. The spectrum of effects o
prolonged exposure to nitrous oxide ranging
from cell death to decreased rates of cel]u]ng
proliferation has been recognized only recemlvg
Hematopoietic depression was first observed i
1953 by Gorsmen! during the course of tre-\tg
ment of a patient with tetanus, when thrombos
cytopenia and leukopenia were noted. The pag
tient was also receiving chlorpromazine and;
d-tubocurarine and the hematologic alteratior®
was attributed to d-tubocurarine. In the same?
vear, Mollaret® also found gmnulocytopeni:g_
after nitrous oxide therapy in a patient witlf®
tetanus. The following vear, Lassen and cog
investigators ¢ described 13 patients who h.ug
tetanus treated with nitrous oxide and nttnbg
uted their “acute aplastic anemia” to mtmus‘-‘
oxide. Many confirmatory reports of the he3
matologic toxicity of nitrous oxide in c]lmca-i?
situations followed.>-* Subsequently, the he—
matologic effect of nitrous oxide was uhhzecﬁ
in attempts to treat chronic myeloid leu”
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The efficacy of this therapeutic
approach remains in doubt. The patients
treated in this manner, however, manifested
rapid decreases in leukocyte counts, associated
with some thrombocytopenia but no change in
hematocrit or hemoglobin values.

Studies of the experimental animal and in
vitro 13+14.18 have attempted to clarify the ef-
fect of nitrous oxide. Kieler and his cowark-
ers 13 found cytostatic and cytocidal effects of
nitrous oxide on myoblasts of mouse hearts in
tissue culture. These effects could be corre-
lated closely with the degrees of hypoxia pro-
duced, and in addition, could be correlated
with nitrous oxide concentrations. Studies by
Bruemmer and associates '* demonstrated de-
creased multiplication of HeLa cells in mono-
layer cultures, an effect attributed to interfer-
ence with cell attachment, perhaps secondary
to a change in interfacial pressure between ad-
jacent cell membranes.

Okamoto ® exposed rats to nitrous oxide and
found severe leukopenia with relative lympho-
cytosis. The hematocrit and ervthrocyte count
decreased, as did myeloblastic and erythro-
blastic activity in the bone marrow. Green
and Eastwood ® also studied the effects of ni-
trous oxide on hematocytogenesis in rats. They
found that leukocyte counts decreased to 10
per cent of normal by the sixth day of expo-
sure and that granuocytes disappeared more
rapidly from the circulation than lymphocytes.
Serial bone marrow examinations revealed pro-
gressive hypoplasia, apparent cessation of cell
reproduction, disappearance of mitoses. Rapid
hematopoietic recovery followed return of the
rats to room-air environments.

In the present study the expected decrease
in peripheral cellular elements of blood was
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NITROUS OXIDE AND HEMATOPOIESIS 47

TapLe 3. The Effects of Fasting on Free Radicals*

R led ns peak-peak heights of fimt deriva

tive curves.

Hours without - S
Food Liver Kidney g
0 102,33 6.1 5
24 136.9 90.1 2
48 1374 911 2
$2 136.9 SL1 =
9 116.9 §3.5 g
Z
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mine the sequence of the depression in the2
peripheral blood clements. Depression w:LsE
found in the spleen and indications of de-
pression were found in bone marrow before>
changes in the peripheral blood were evident.
Furthermore, the increase in cell genesis with5
recovery was also found first in the bone mar-
row and spleen. This suggests that the effect>
of nitrous oxide on hematopoiesis is exerted on®,
the stem cell or an alternate progenitor cell. &
The ervthropoietic unresponsiveness to phvs:-~<
ologic stimulation with erythropoietin further 5.
supports the hypothesis that there is a b]oc:l\o
in cell genesis, probably at the stem cell level. ‘0
It should be noted that although the rats wi erem
maintained in a nitrous oxide environment3
there was a suggestion of beginning reco\'eryE
in the spleen and bone marrow before they &
Whether this represents re-equilibration or ad-
aptation to the nitrous oxide-produced hema-
topoietic block remains unclear.

The results indicate that nitrous oxide de-
presses hematopoiesis and production of granu-
locytes sufficiently to account for the clinically
observed hematopoietic effects. However, mi- =
nor effects of cell distribution and/or redistrd-S
bution are not completely eliminated by these<'3
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found. In addition, we were able to deter-
8
=
TanrL 4. The Effects of Short-term 80 Per cent N+O and 20 Per cent O: on Free Radicals® in Fasting Ratsg
o
Four-hour Fast Nine-hour Fast Z
c
o
Liver Ridaney Liver Kidney @
o
Control 10231 £ 3.8 TLH =42 106.01 2= 4.1 9.0 4.7 é
©
Experimental 941 =28 70.1 & 6.4 $4.0 = 1.3 8§ == 2. Ps
o
<]
N
£

} Significant difference from control values (.05 level).
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experiments. Equally depressive effects on
both leukocyte and erythrocyte production
were demonstrated. No effect on the long-
lived lymphocytes was evident.

The development of the concept of the elec-
tron-pair bond provided the basis for the defi-
nition of free radicals. A free radical is any
structure containing an atom with an unshared
electron or any molecule containing two or
more unpaired electrons. A unique property
of free radicals is paramagnetism. New de-
velopments in technigues and apparatus for
electron spin resomance (ESR), which mea-
sures paramagnetism, have led io the discov-
erv of numerous free-radical reactions in bio-
logical systems. Drugs are a potential source
of free radicals in tissues. Phenothiazine drugs
have been shown to react with the body by
means of free radicals.?®2° Interaction of free
radicals also apparently is part of the action of
imipramine 2 and that of salicylic acid,* and
ephemeral radicals are present during salicy-
late oxidation.®* Conceivably, most, if not all,
drugs derive their effects through free-radical
mechanisms.

Free radicals are also induced in tissue by
radiation. The production of these free radi-
cals is considered a primary mechanism of ra-
diation damage. Indeed, radiation injury may
be prevented by the prior administration of
compounds such as the aminothiols and their
derivatives which are capable of combining
with the unpaired electrons; these substances
are termed “free-radical scavengers.”

Electron spin resonance measurements were
undertaken in an attempt to correlate altera-
tions in free radicals with the metabolic
changes attendant upon or antedating the di-
minished hematopoiesis. The reversible hema-
tologic depression produced by ionizing irra-
diation has been attributed to the generation
of free radicals; nitrous oxide has been re-
ported to be a free-radical scavenger.® This,
together with the findings of Ebert** that ni-
trous oxide protects cells against radiation
damage and the demonstration by Evans?®
that nitrous oxide protects the mouse against
total-body imradiation, provided impetus to
evaluate the changes in ESR spectra. Fur-
thermore, since free radicals are important
metabolic intermediates in encrgy-transfer sys-
tems, evaluation would provide some insight
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into the mechanism of nitrous oxide toxicity.

Under the present conditions of measurement,

however, no significant alterations in free radiS
cals as determined by ESR spectra were foundS
in the bone marrow or kidney. However, therz.gn
were serial changes in the liver which werd}
temporally related to the alterations in hemad
topoiesis in bone marrow and peripheral blood 3
Since alterations in the free radical content ofz

the liver can result from many causes, no dc\
finitive causal relationship to the hematopm-‘"
etic changes can be established.
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Drugs

DIAZEPAM ON CORONARY FLOW Diazepam (Valium) decreased vascular
resistance and increased blood flow in the coronary arteries of dogs. The decrease
in vascular resistance was demonstrated by incrcased flow at a constant perfusion
pressure or decreased pressure at a constant flow while the dogs were on cardiopul-
monary bypass. By separating the coronary and systemic circulations completely
with a double pump-oxygenation system these coronary arterial effects were found
to be independent of extracardiac factors. Diazepam produced no changes in myo-
cardial contractility when coronary flow was maintained constant but increased con-
tractility when the flow was allowed to increase. This indicates that changes in
coronary flow, and not positive inotropism per se, are responsible for the improve-
ment in myocardial function. (Abel, R. M., Reis, R. L., and Staroscik, B. N.: Coro-
nary Vasodilation Following Diazepam (Valium), Brit. ]. Pharmacol. 38: 620
(March) 1970). ABsTRACTERs coMMENT: The superiority of diazepam over thio-
pental as an anesthetic for cardioversion, alleged by many internists, may have some
basis in fact if the above results can be extrapolated to man.

HEPARIN AND SERUM LIPOPROTEIN LIPASE When heparin is in-
jected into the circulation it produces a rapid increase in circulating serum lipopro-
tein lipase. This lipolysis system probably circulates as a heparinapoenzyme com-
plex. Lipoprotein lipase activity disappears exponentially from the circulation.
Evidence thus far suggests that a major site of lipoprotein lipase inactivation is the
liver. Efficiency of the inactivation system was evaluated in catheterized, unanes-
thetized dogs by studying the portal vein-hepatic vein lipoprotein lipase activity
differential. Results demonstrated the high efficiency of the inactivation system in
vivo and showed that high levels of heparin may block the inactivation system, sug-
gesting the possibility of a two-step mechanism. The first step in inactivation may
involve heparin destruction by hepatic heparinase. This step may induce dissoci-
ation of the acute complex. A second step after dissociation may be removal of the
apoenzyme. (Whayne, T. F., Jr., Felts, 1. M., and Harris, P. A.: Effect of Heparin
on the Inactivation of Serum Lipoprotein Lipase by the Liver in Unanesthetized
Dogs, ]. Clin. Invest. 48: 1246 (July) 1969.)
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