- Best
Available
Copy



——r

AD717785

LOXICOLOGY AND APPLIED PHARMACOLOGY 17, 752 760 (1970)

The Acute Hyperbaric Toxicity of Carbon Monoxide !

C.S. Rost, R. A Jones, L. J. JENKINS, JR., AND ). SIEGLL

U, S. Nary Toxicology Unit, National Naval Medical Center,
Bethesda, Maryvland 20014

Received January 26, 1970

The Acute Hyperbaric Toxicity of Carbon Monoxide. Rosg, C. S., JONES,
R. AL JieNKINs, L1 IR, and SigGEL, J. (1970). Toxicol. Appl. Pharmacol. 17,
752 760. The effects of elevated pressures (25, 50, 75, and 100 psig) on the
toxicity of carbon monoxide (CO) in guineca pigs, rats, and mice were ex-
amined in a series of 4-hr exposures. The partial pressure of oxygen (pO,)
was mainta ned between 140 and 160 mim Hg during all exposures. The
LC50 values (lethal concentration of carbon monoxide for 50°, of the ani-
mals exposed) expressed in milligrams per cubic meter of CO, were not
appreciably altered by increases in pressure within the range studied. At
death, the blood carboxyhemoglobin concentrations showed very little
variation regardless of the exposure pressure.

In recent years, much interest has been generated in manned exploration under the sea,
and with this has come the need to develop data concerning the toxicity of atmospheric
contaminants under hyperbaric conditions.

A wealth of information has been accumuiated regarding the effect of carbon mon-
oxide (CO) on living systems at normal atmospheric pressure. This information has
been summarized in reviews by Drinker (1938), von Octtingen (1944), Lilienthal (1950).
and in the bibliography with abstracts compiled by Cooper (1966). More recently,
Bartlett (1968) and Goldsmith and Landaw (1968) reported on the pathophysiology
and on the gencral effects on the health of humans following exposure to low concen-
trations of CO.

In rvivo and in virro studies on CO have been conducted at hypo- and hyperbaric
conditions by Back and Dominguc. -, Berger er al. (1964), and Rodkey et al. (1969).
A scarch ol the hiterature. howeve - failed to produce information pertaining to the
acute toxicity of carbon monoxide inintact animals und.r hyperbaric conditions.

The hyperbarice toxicity ol oxygen is well recognized and has been taken into con-
sideration in establishing safe procedures during its use at clevated pressures (U.S.
Navy. 1963). Since no untoward effects are noted when the partial pressure of oxygen
iy muintained at approxmately 160 mm Hg regardless of the overall pressure of the

" The opinions 2xpressed herein are those of the authors and do not necessarily reflect the views of the
Navy Department or the naval service at Lirge, The experiments reported herein were conducted accora-
g to the prinaples eouncriated i Guide Tor Laboratory Animial Facilities and Care™ prepared by the
Comnuttee on the Gurde tor Laboratory Annmal Resources, Natonal Academy ol Scienees
National Research Counctl, Washington, D C,

SRBack, KOC,and Dosnsatrz, A ML (1968), Psyehopharmacology of carbon monoside under
ambient and alutude condimons, Acrospace Medical Rescarch Laboratories Report AMRIL-TR-68-
175, pp. 81 92, Dee. 1908,

752

reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

Spragtelg Va 1%

(4

—— e e a

Lona,




HYPERBARIC CARBON MONOXIDE 753

system, it was reasoned that the toxicity of carbon monoxide should also depend solely
on the number of molecules presented to the alveolt, if the partial pressure of oxygen
remained constant. The following studies were conducted to evaluat~ this hypothesis.

METHODS

Experimental animals, The animals utilized in these studies consisted of male
NMRI:O(SD) Spraguc-Dawley-derived rats (225 300 g). male NIH Nmri Swiss
albino mice (23 30 g), and male FTD: Hartley guinea pigs (300 450 g). Prior to expo-
sure, the animals were mamtained on the appropriate food and water ad libitum.

N

A

Fio. 1. Schema of exposure system used at O psig. A4, carbon monoxide cylinder (C. P. Grade) and
reguiator: B, house air for dilution: C, flowmeters: D, mixing Nask ; /2, exposure chamber: F, exhaust
line: G, sampling line.

Exposure equipment and materials. Lxposures at normal atmospheric pressure (0
psig) were conducted in a 30-1 chamber essentially as described by Leach (1963). A pre-
determined amount of carbon monoxide (C. P. grade?) was mixed with 7.1 1 per minute
of lTaboratory air and introduced into the chamber. The system used is shown
schematically in Fig. .

The hyperbaric studies were conducted in an 8.60-1 chamber? rated for a maximum
pressure of 150 psig at 70 F. For these exposures. certified premixed evlinders ol ciarbon
monoxide. oxvgen. and helium were procured. Additional intermediate concentrations
were mived., as required, from the primary cyvlinders. During all runs, the partial pres-
sure of oxygen was maintained between 140 and 160 mm of Hg by decreasing the oxygen
from 21" (0 psig)to 7.6° (25 psig), 4.6, (50 psig), 3.3° (75 psigh.and 2.6 (100 psig).

CCarbon mononide and certitied gas mintures were obtamed from Air Products and Chemicals, Inc.,
Allentown, Pennsy Ivania.

* Bethichem Chamber Model 614, The Bethlehem Corporation, Bethleh m, PennsyIvania.
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Ina similar manner, the various concentrations of carbon monoxide in the gas mixtures
introduced into the chamber for the LC50 determinations had to be fowered concomit-
antly with the stcpwise increases in pressure.

The pressure in the chamber was continuously monitored using a top-mounted pres-
sure gauge with a range of O 100 psig. During exposures. chamber pressures were main-
tamed within 0.5 psig of the destred pressures. The gascous mixtures containing carbon
monoxide were dynamically fed into the chamber through J-inch flexible tubing and an
exhaust flow rate of 4 51 per minute was maintained during the exposure period. After
alt exposures, the chamber was decompressed with a mixture of 79°, helium and 21°,
oxygen at a predetermined uniform rate depending on the experimental pressure. Rapid
decompression was not used sinee at times one or more animals would not be visible

Fii. 2. Scheima for hyperbaric exposures at 25, 50, 75, and 100 psig. -, cvlinder containing decom-
pression mixture of 79°,, helium, 21°, oxygen with regulator: B, cylinder containing mixtures of car-
bon monoxide, oxygen, and helium with regulator: C, motorized valve: D, flowmeters: £, hyperbaric
chamber; F, pressure geuge: G, exhaust flow regulator valve: /H, exhaust line.

through the chamber window at the termination of an exposure and an accurate death
count wotild not have been obtained. The system used 1s presented diagrammatically in
Fig. 2. The thermal variation of the chamber atmosphere as measured by a thermo-
couple. did not exceed 2 C of room temperature (23 C) during the animal expesure
and decompression phases.

In both the O psig and hyperbaric studies, chamber loadings consisted of 4 rats,
4 guinea pigs, or 16 mice and all exposures were of 4-hr duration. The 4-hr exposure
pertod was arbitranly sclected because ol its general use in this and other laboratorics
in acute LCS0 studies with other materials at normal atmospheric pressure. The para-
meters examined were the LCS0 values and the carboxyhemoglobin saturation levels in
animals that died during the exposurer.

Imumediately after the exposures at 0 psig or the decompression phase after the hyper-
baric runs. cardiac blood samples were collected from the dead rats and guinea pigs and
analvzed tor carboxvhemoglobin concentration. The surviving animals were not
observed further and were sacrificed.
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Analvtical technigues. In all exposures at normal atmospheric pressure. the actual
concentration of CO was continuously monitored throughout the 4-hr period by a
double-beam infrared spectrophotometer® set at a wavelength of 2160 cm ' and using
a 5.65 | variable-pathlength gas cell. Ali laboratory mixed cylinders for the hyperbaric
cexposures wers analvzed for carbon monoxide concentration by the intrared spectro-
photometer or a gas chromatograph”; no monitoring during the run was considered
necessary. The gas chromatograph was ecquipped with a 6 1 - L in. o.d. stainless steel
column packed with 60 80 mesh molecular sieve SA mamntained at 100 C. A nickel
oxide catalvst. prepared according to Porter and Volman (1962). reduced the CO to
methane. which was quantitated using a flame ionization detector: the detector and
catalyst were maintained at 300 C.

Carboxrvhemoglobin method. Blood carbhoxyhemoglobin concentration was deter-
mined by a method based on the work of Stowe and Pelletier (1968) using a two-channel
automatic chemical analyzer.” A specimen of blood, with cthylencdiaminetetraacetic
acid as the anticoagulant, was split into two streams. Total hemoglobin was determined
in one stream as cyanmethemoglobin at 550 nm, and the carbon monoxide was releascd
from hemoglobin in the other stream with 109, H,SO,. The gas phase was then removed
with a trap and reacted with the silver salt of p-sulfaminobenzoic actd in alkaline solu-
tion. This resulted in a colloidal solution of silver which was measured spectrophoto-
metrically at 420 nm (Civhandu, 1957). In order to standardize the above procedure,
sofutions of known concentrations of hemoglobin and carbon monoxiaue were pre-
parcd according to the method of Collison ¢ al. (1968). Analyses indicated that at our
range of concentrations the method had a relative error of approximately 8¢, and a
relative standard deviation of 9°.

RESULTS

In general, all animals lost consciousness during the fi- 1 2 hr of exposure to carbon
monoxide. The mortality ir rats, mice, and guinca pigs exposed to various concentra-
tions of CO at 0, 25,50, 75, and 100 psig is shown in Table 1. Only those deaths which
occurred during the actual 4-hr exposure period were included in the table. One gumea
pig died during deccompression Tollowing termination of an 8228 mg m' exposure al
50 psig.

The L.CS0 values, expressed in milligrams per cubic meter (mg m'), and their 95,

confidence limits are summarized in Table 2: these were caleulated by the method of

Litchficld and Wilcoxon (1949) aad are depicted in Fig. 3. As can be seen. the LCS0
for rats. guinea pigs, and mice remained in the same range when the pressure was in-
creased from 0 to 100 psig: the variations noted were not considered to be biologically
significant. Guinea pigs were less suceptible to CO intoxication at all pressures than
were the rats and mice.

The values for percent blood hemoglobin (¢, COHD) saturation with carbon mon-
oxide for rats and guinea pigs at death at cach of the exnosure fevels and pressures are
presented in Table 1. no significant biological differences were noted which reflected

P Madel 21 Spectrophotometer, Perhin-Flmer Corporation, Norwalk, C onnecticu?

" Model 150 Gas chromatograph, Micro-Tek Division, Tracor Analytical Instriments, Austin,
Tenas.

T Auto-Anabyzer, Technmicon Corporation, Ardsley, New York,
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758 ROSE ET AL,

any pressure or concentration changes. The mean values for COHb for cach pressure
(Table 2) exhibited little variation in the saturation levels prouucing death in rats and
guinca pigs regardless of the exposure pressure. The mean percent saturation ranged
from 57.5 to 64.9 lor rats. and 65.0 to 77.6 for guinca pigs at the LCS50 levels.

10000
GUINEA PIGS

9000} T

8000}

7000 L | ]

6000}

5000+t

s000}
RATS MICE

41{?4% T %ﬂ—

IOOOL

MG/M3 CARBON MONOXIDE

0| 2550675 |00 0 |25|50|75 [i00 0 |25|50]75 |l00

LC S0 VALUES AT PRESSURES FROM O 70 100 PSIG

F1aG. 3. LCSO of carbon monoxide in rats, guinea pigs, and mice at 0, 25, 50, 75, and 100 psig.

DISCUSSION

Contaminant concentrations at normal atmospher™ pressure have been universally
expressed in terms of parts per million (ppm)on a me to volume basis. and in milli-
grams per cubic meter. At increased pressures however a distinet difference arises in
the interpretation of ppm units. Concentration . the contaminant in a dynamic system
in terms of mg m' increases by a factor directly proportional to the absolute pressure
of the exposure system and reflects the number of molecules of the gas presented to the
pulmonary alveoli of the animals. In contrast to this, the ppm valus does not change
with changes in pressure at a fixed concentration of CO. For example. in Table | the
range of CO concentrations used to determine the LCSO values expressed m terms of
ppm. decreased as the pressure was increased from O to 100 psig: this could lead to the

Pra pu.
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erroncous conclusion that CO s ne ¢ toxic atinereased pressures. Thisis not true when
the absolute values for the amount of carhon monoxide are expressed in terms ol'mg m*.
From the data obtained in this study it can be concluded that there is no alteration in the
toxicity of CO in rats, guinea pigs. and mice as the pressure is increased from 0 to 100
psig.

It has been shown i eitro, with a carbon monoxide-air mixture. that the equilibrium
percentage of bioed carboxyhemoglobin produced by a given concentration ol CO was
independeat of the environmental pressure (Berger er al.. 1964). Rodkey et al. (1969)
demonstrated that the relative aflinity constant of hemoglobin for carbon monoxide
from both whole blood and prepared hemoglobin solutions was not significantly af-
fected by clevated pressure or the inert gas component of the pressurized atmosphere.
The carboxyhemoglobin levels and mean values obtained from intact anmimals at death in
the present studies support these ‘findings.

Henderson and Haggard (1943) indicated that at equilibrium the distribution of
hemoglobin between carbon monoxide and oxygen depended on the ratio of the partial
pressures of carbon monoxide to oxygen as well as the aflinity of hemoglobin for these
two components. Berger er al. (1964) suggested that the apparent toxicity of CO should
be unaffected by elevated pressures if the ratios of these two gases remain constant. This
was confirmed in the hyperbaric studies reported here, in which the pO, was main-
tained at 140 to 160 mm Hg and the ratios of the partal pressures of CO to O, were
approximately the same at the LCSO for a particular species regardless of the total
pressure ol the exposure environment (Table 2).

In manned exploration under the sca, 1t is anticipated that many additional atmo-
spheric contaminants other than CO will be encountered. Since carbon monoxide is
unique in its mode of action, it is not possible to generahize from data on CO as to the
toxicity of these other materials under hyperbaric conditions.
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