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CARBON MONOXIDE- INDUCED ALTERATIONS IN PULMONARY ALVEOLAR
MACROPHAGES AT AMBIENT AND ELEVATED PRESSURES!

ABSTRACT

The occurrence of carbon monoxide {(CO) in diver's
respirable gas supplies has been well documented.
However, the sublethal effects of this asphyxiant
an hyperbaric environments have not been adequately
characterized. A physiologically sensitive indi-
cator of sublethal cffects of a contaminant is the
pulmonary alveolar wacrophage. The guinea pig
alveolar macrophage and its reacticn to various CO
concentrations at 8 atmospheres absolute (ata) and
their surface equivalent concentrations at 1 ata
were studied in this experiment. In the absence

of CO, macrophage counts and viabilities {rom
guinea pigs exposed to a helium-oxygen environment
at either 1 or 8 ata wcre not different from those
of control animals in compressed air at 1 ata.
The mean macrophagye viability for guinea pigs
exposed to CO concentrations at 1600-4200 mg/m
at 8 ata was 75.1 + 6.3% and was not different
from the 1 ata cell viability value of 72.0 + 4.5%
for the 1600-4200 mg/m3 CO range. Five- to Six-
fcld increases in total cell counts were observed
with CO at both pressures. The data show thit

at 8 ata and CO concentrations of 1600-4200

mg/m3, the decrease in alveolar macrophage
viability was accompanied by a dramatic iacrease in
alveolar macrophage counts.

3

1Supportcd by tie Naval Medical Research and Development
Command, NNMC, Department of the Navy, Research Task No.
MPN10.01.1270B. The opinions in this paper are those of the
authors and do not necessarily reflect the views of the Navy
Deparitment or the Naval Service at large. The experiments
reported herein were conducted according to the principles
set forth in the "Guide for the Care and Use of Laboratory
Animals", lnstitute of Laboratory Animal Resources, National
Research Council, DHEW Pub. No. (NIH) 74-23.
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INTRODUCTION

Compressed gas supplies which are used for pressurization
of chambers and submersibles and in life-support systems for
divers have been chemically analyred and found to contain carbon
monoxide(l) in surface equivalent concentrations an order of
magnitude greater than the threshold limit value of 55 milli-
grams per cubic meter (mg/m3) promulgated by the Occupational
Safety and Health Administration (2).

The U. S. Navy Bureau of Medicine and Surgery has estab-

lished the limits for carbon monoxide (CO) in breathing air at

20 ppm (3). Since this level is not designated as a surface

equivalent concentration (mg/m3), it is important that ecxperi-
ments be conducted to evaluate the validity of this limit value
in terms of a constant mass concentration independent of
environmental pressure. The toxicolegical implicetions of
carbon monoxide exposure are many. Carbon monoxide concentra-
tions of 100-500 ppm at 1 ata elicit certain physiological
adjustments, also, observed in chronic high-altitude hypoxia.
Increases in hematocrit and hemoglobin concentration, increased
tissue hypoxia, and cardiac enlargement are a few of the
observed adjustments (4,5). A loss of motor performance and
elevation of carboxy-hemoglobhin concentration are also
evidenced. Previous hyperbaric experiments have demonstrated

that the LC30 for CO (lethal concentration of carbon monoxide
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for 50% of the animals exposed) is 7038 + 292 mg/m? and is not
altercd by pressures in the range of 1-8 ata when the CO con-
centration is expresscd in mg/m3 (6).

One of the living organism's mzjur cellular difenrse
mechanisms against a lower respiratory invasion nf particulate
matter is the pulmonary alveolar macrophage (PAM). Thcl
alveolar macrophage is a mononuclear cell which has long been
krown to participate in phagocytizing particulate matter {7)‘,

It is, therefore, regarded to be an impoirtant component of the

pulmonary clearance mechanism. The phagocytized foreign matter

is converted to harmless by-products by 1lysosomal enzymes in
the macrophage. The macrophages and their entrapped forgign
contents can either be absorbed into regiomal lymph nodes or
removed by the mucociliary escalator system (7). Tae fuanction
of the PAM may either be affected by a toxic gas, such as CO,
or by a combination of toxic gas and pressure.

One measurement indicative of the alveolar macrophage's
functional state is the viability ratio, i.e., the percentage
of living cells. The objectives of this study were to abserve
the comparative physiological effects of carbon monoxide on the
PAM's of guinea pigs for surface equivalent concentrations at
ambient and elevated pressures. The guinea pig was chosen as

an experimental animal because toxicological studies indicate

that this animal is much more sensitive to certain environmental
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poliutants than are mice, rats, or rabbits (8).
METHOD OF EXPOSURE AND CONTAMINANT ANALYSIS

A 171 iiter, 1000 psi chamber was used for all exposures.
The oxygen partial nressure was maintained at 168 + 10 mm Hg
for the hyperbaric experiments with an oxygen detector (Tele-
dyne 323 DF),1 solenocid controller and a mass flow indicator
(Tylan FMS-34S).2 During exposure of animals to He-oz. the
temperature of the chasber was maintained at 309 C for 1 ata
and 31° C at 8 ata. These temperatures are comparable to
ambient air at 24° ¢ (9). 1t is umecessary to increase the

chamber tempersture in a predominately helium environment

‘because of the high thermal conductivity of a helium atmos-

phiere. Carbon dioxide was removed from the chamber by using
a Baralyme scrubber. Carbon monoxide concentrations were
wonitored at the chamber exhaust with a gas chromatograph
{Tracor MTISO}3 equipped with an ultrasonic detector phase
meter and a column switching valve for sample injection.
Molecular sieve SA was chosen for the column packing and a
disc integrator was used for peak quantitation. An infra-red

spectrophotometer (Miran 14 provided an independent verifica-

1‘l’elcdyne Analytical Instruaents, San Gabriel, California
zTylan Corporation, Torrance, California
3‘l‘racor. Incorporated, Austin, Texas

‘wilks Scientific Corpcoraticn, South Norwalk, Connecticut
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tion of contaminant levels. Three CO concentrations in the
1600-4200 mg/m3 range were utilized for both 1 and 8 ata
environments. Comprezzcd =ir was used as the carrier gas in
the 1 ata environment; whereas, helium-oxygen was used at 8 ata
and for a control exposure a2t 1 ata. Guinea pigs were
compressed with helium at a rate of 0.68 ata/min until the
dzsired 8 ata depth was attained. The animals were allowed

to stabilize in the helium environment 1t depth for one hour
before the gaseous contaminant was bled into the chamber
through a mass flowmeter and controller (Brooks Model 5811-
IZCZ).1 Each of the contaminant exposures was four hours from
the time the desired concentration was obtained. A continuous
decompression schedule, which adheres to the function P (psi) =
43¢ ~-9°t (minutes), ,q, "0452t, was derived from some
previously conducted hyperbaric experiments in this laboratory
and was utilized during these experiments. This function is
valid only for 8 ata. This schedule did not introduce
clinically visible signs of decompression sickness in guinea
pigs and permitted complete decompression in 36 minutes.
EXPERIMENTAL ANI!NALS AND TECHNIQUE FOR OBTAINING THE

PULMONARY ALVEOLAR MACROPHAGES

The experiments were performed on male guinea pigs, NMRI:

lBrooks Instrument Division, Emerson Electric Company, Hatfield,
Pennsylvania
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(HA)CV, with body weights of 285 + 25 gms. They were
immediately anesthetized with 30 mg/kg of sodium pentobarbital
after the decompression schedule was completed. At least twu
of each six guinea pigs in an experimental group were used for
the alveolar macrophage collection. A modification of
Myrvik's technique for obtaining rabbit alveolar wmacrophages
(10) is described in this rcport. The thoracic cavity was
opened and the upper portion of the trachea was disséc'ed free
and clamped with a hemostat to exclude entry of blood into the
lung after transection of the trachea. A cut was made ahove
the point where the trachea was clamped (six tracheal rings
above the carina) and thc¢ lungs, heart and trachea were
dissected out as a unit. The excised tissues were washed with
cold (4° C) 0.15 M sodium chloride with the trachea still
closed to the atmosphere. The heart was carefully dissected
free to avoid any injury to the bronchi and lungs. The lungs
were sponged free of excess fluid, weighed and suspended by
means of a hemostat clamped to the tracheal wall (lumen open).
The sodium chloride solution was infused into the trachea
through an inverted PE-100 cannula in the trachea until the
lungs were slightly distended. This required approximately
8-12 ml of saline (5 ml/gm-lung tissue). The trachea was

then occluded, while the lungs were gently massaged to obtain

the macrophage-laden fluid. Five more washes were completed
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in a similar fashion. Between washes the volyethylene cannula
was clamped with a rubber-tipped hemostat to prevent loss of
fluid or entry of air into the lungs. The cell suspensions

were pooled and centrifuged for five minutes at 1085 x . The

i pecd g Rt

supernatant was decanted and the cell button was resuspended in

P

a quantity of cold physiological saline sufficient for a
final volume of 5 ml.

Vital Cell Counts. The viability of the alveolar macro-

;. phages was determined by staining the cells with 1 ml of 0.1%

trypan blue in borate buifer (pH 7.6). A sample of the cell

suspension was placed under a coverslip on a Neubauer hemocy-
l tometer and examined with a wmicroscope. The number of cells
per cubic millimeter of cell suspension was determined
according to the leukocyte counting wethod.
The count was multiplied by 103 to express the cell number

in terms of cubic centimeter and by a factor of 12 to account

1]

for the finagl dilution of cell suspensicn with physioclogical
saline and stain. The PAM counts are based on a gram-lung
weight basis.

Macrophage protein concentration was determined by the
Lowry method (11) using bovine serum albumin as a standard and

a spectrophotometer {Gilford Model 300-N)1 for absorbance

lgil1ford Instrument Laboratories, Incorperated, Overlin, Ohio
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measurements,

Results are expressed as mean values + standard error.
Analysis of variance was used to evaluate the extent to which
the treatment and control animal groups differed from one
another at each pressure. F-tests at a maximal level of 1.0%
were conducted on these results. The Mann-Whitney rank-sum
test and the sign test were used to evaluate the nonparametric
data.

EXPERIMENTAL RESULTS

The number of alveolar macrophages obtained from lungs of
guinea pigs exposed to compressed air was not different from
those of guinea pigs exposed to He-0, at 1 ata or He-0, at 8
ata (Figure 1). The PAM counts obtained from animals not
exposed to CO at 1 ata and those PAM counts from animals not
exposed to CO at 8 ata were each compared to those groups of
animals who were exposed to CO at either 1 or 8 ata., Signifi-
cant differences exist among mean macrophage counts in the 1
ata treatment and control groups. The calculated F value was
P<0.01.

Differential cell counts of macrophage pellets demon-
strated 93% of the cells from control animals to be PAM's, A
few randomly selected macrophage specimens from animals
exposed to every possible combination of the CO concentra-

tions and pressures demonstrated three- to six-fold increases
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of lymphocytes. An increased number of immature macrophages
was observed.

Mean macrophage protein concentrations per gram-lung
(micrograms macrophage protein/gm-lung) from guinea pigs
exposed to any of the three CO concentrations at either 1 or 8
ata were diffe.ent from those of controls (Figure 2). No real
differences (P<0.05) could be observed be¢tween mean macrophage
protein concentrations at 1 and 8 ata for any of the CO concen-
trations.

The survival rate (percent viability) of PAM's from guinea
pigs exposed to He-O2 at either 1 or 8 ata was not different
from the macrophages of guinea pigs exposed to compressed air
at 1 ata (Figure 3). Significant differences exist among mean
PAM survival rates in the animals of 1 ata treatment and con-
trol groups. The calculated F value was P<0.0X., Similar res-
ponses of decreased viability were observed throughout the CO
concentration range, regardless of pressure. An overall mean
for the macrophage viabilities at each of the CO concentrations
at 1 ata was 72.0 + 4.5%., This survival rate is not differenc
from the overall mean of 75.1 *+ 6.3% calculated from macrophage
viabilities of guinea pigs exposed at 8 ata to the various CO
concentrations.

Protein concentrations per million alveolar macrophages

from guinea pigs exposed to any of tue three CO concentrations

e e SR 0 Rl TR 1 PGS O b ot A roen AL (et i gty - L




(¢W/Bw) UoKDIjUBIU0D 0D :
66l Ieid £see AW KA 9881 €29l 0 o) 0

v
(AR LN ]
(A2 XX
poessse
20008
26000
aene
(X R R X J
25000

mu"n

XXX XX LRT N PR
XXX Y TN Do
s000ees000ace
sesecooSoadgse

POVOOPTYTIYVVYIITTTTTYTY Y POWwN

B

28900006608 08000000000008¢°
YIS Y R A N RN AR KA
IXXXXX XXX REY ANN R R K XN R J
TXXXXXXEI R R R NR NN 2 XN 2 N9

]
»
L
sseee .
ecees oo
esese * w—— N
seese ]
sosee (]
seose *
*e 8cC »
esfee .
eofoe .
sefise .
[ N d » -
(R .
X »
L4 seveee
(X3
seveve

4 00d

16-12

IEERERX X NO"x .o-um

- C0%H ‘DiD | % 1°%°
Jiy ‘0iD | ﬁ ]

"Y1V 8 GNV | LV 3QIXONCW NOBYVYJ 40 SNOILVYLNIONOD SNOIHVA
0L G3S0dX3 S9id VININD 3TVIN NI ONNT-WO / NOILVHLNIONOD
NI3108d FOVHLOHOVN ¥V T03ATV AYYNOW NG NI SIONVHD ‘2 aunbid i

e AL EE

!
(bun|-wb/6'r/)'bum-wb/uoumwasuoo uI9joi4 9boydosoDpy 4Dj0BAY

R

e At T Ee w e e VTl e e . L e i ot e e e Y2 S L e e e ra,




(¢w/bw) uoiDIUIdU0) 0D

O

66l1b !CIb €G22 2¢.2 9891 ¢€¢9l o) o o
i 3 T i3t >
ceacee cesees ceeese cesses <
ssossel "M""M ooooooooooooo [4:]
teeees eeiiis i %nnn 7 = .
sasies EEET: sesane /:nx. o _
i ST EHEH - :
isis T il siiiie =z m
seesee selses /333 : o M
saiiid I S peiiid o ;
siiiie siaiie I /x:x L g _
seese ceeses e cesece O i
"u"u"" seenne svese soeve =4 !
EetEt piiiil 3 Q ;
"""uu" sesson esesee ss00ve 6 ;
evoess sesoess}] =} Jeseser svsvee D
HH I St I
"uuuuu sescece]l F  Jeoosees ess0e S
I piiiid S €
""n""n nn"""u (XXX XN o-ou"o M
siiti I Pl gl qos =
i i i it -
u P se0cne esenes sevene - o
. LA p AT S *s0000 esseee puer
o cecsse cerens cevess (]
- sevves cosf o¢ sseesne
I 3 B ST I &
cecsse e ceeses a
- cevees cessee @ b
secscee sesves = W
ceipiee 44444 . -
20%H ‘010 8 == i i <
eseese £
N b seoose q u
2004 ‘o0 | R\ : sasise - = 3
| — | T =
TXXQ WAL) K:
Ny ‘040 | HE v < M
.,..... 1 oo- u
[
3

'SCId V3ININOG 3TV NI TTVAIAYNS
3OVHJOHOVIA ¥V 103NV AYUYNOWINd NO 34NSS3dd Q3ISVIYONI ANV
SNOILVHLNIONOD 3QIXONOW NOSYV) SNOINVA 340 SL1J3343 ‘¢ aunbig

M G e need pused e YRR SN e A tesend . ; et ———— e e R TR -




16-14

at either 1 or 8 ata were significantly less than those of
guinea pigs exposed at either pressure without CO (Figure 4).
The calculated F value is P<0.6Gl. Significant differecnces
between protein concentration per million macrophages of
guinea pigs cvaposcd to 1 adud 8 utd were only demonstrated at
the lowest CO concentration. Excessive amounts of foamy
material appeared with the pulmonary lavages of animals
cxposed to CO, irrespective of pressurc. Approximately 1-2 mm
of foamy material appeared in the macrophage suspensions from
control animals. Two to five times as much foamy material
appeared in macrophage suspersions from guinea pigs exposed to
CO at either 1 or 8 ata.
DISCUSSION

The present investigation was an attempt to establish
within a3 uniform exposure period of four hours the extent to
which an inhalation exposure of sublethal concentrations of CO
at 1 and 8 ata would alter the pulmonary alveolar macrophage
in the guinea pig. A near equivalent number of carbon monoxide
molecules (mg/m3) was presented to the pulmonary alvecli of
animals in either the 1 or 8 ata exposures.

The results of this experiment show dramatic five- to six-
fold increases in alveolar macrophage counts for all three CO
concentrations at either 1 or 8 ata. The survival rate of

PAM's under equivalent concentrations of CO at 1 and 8 ata is
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similar thrcughout the concentration range of 1600-4200 mg/m3.
The absence of differences in alveolar macrophage counts
obtained from guinea pigs exposed to 1 and 8 atu at 0 mg/m3
CO suggests that increased pressure does not affect the
alveolar mscrophage number. The similarity of increased PAM
counts at each of the CO concentrations, regardless of pressure,
would tend to support the idea that the increase in PAM's was
not due to pressure. Though the asphyxiant did elicit pheno-
menal increases in PAM's over the 1600-4200 mg/m3 CO concentra-
tions, the ccll survival rates were decreased.

Differentials on the randomly selected cell suspensions
demonstrated that macrophages from lungs not exposed to CO at
ambient or incrcased pressure were predominately mononuclear.

A few polymorphonuclear cells were observed. Ninety-three per-
cent of each cell suspension were macrophages. Similar
differential cell types were observed on CO-exposed animals at
either pressure. However, in several randomly selected cell
suspensions from guinea pigs exposed to any of the three con-
centrations at either 1 or 8 ata, it was observed that there
were three- to six-fold increases in lymphocytes. It was also
observed that with the increase in lymphocytes in the macro-
phage counts of animals exposed to CO at either pressure there
was & concomitant decrcase in blood lymphocytes. Further

studies ar= being conducted on this interesting phencamenon and

PRIV ) VRPNl SN YU P S v, v
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will be submitted for publication. The simultaneous decrease
in lymphocytes of the blood and their increase in macrophage
washes may dem:nstrate the manner in which the reticulo-

endothelial system can augment the population of PAM's., It

ouant  Pesoeil  Meast QDS s

has been claimed that lympbhocytes are capable of transformation
to granulocytes, monocytes, muacrophages, fibroblasts, epith-
eloid cells, giant cells, and plasma cells (12). It may be
such a mechanism as this that caused the dramatic increases

i in PAM's of guinea pigs exposed to the various CO concentrat-

ions.

It is obvious from this experiment that the decreased

i

viability was compensated for by the simultaneous increase in
PAM's. The increased macrophage counts with 75% viability

probably are more effective in pulmonary clearance than those
control counts with 94% viability. Without this compcnsation

the pulmonary clearance mechanism would be compromised in

counteracting any lower respiratory invasion.

Increases in macrophage protein per gram-lung in guinea
pigs exposed to any of the three concentrations of CO at 1
and 8 ata are due not to any increase in protein per macro-
phage but to the overall increase in cell counts. The
increased number of immature macrophages and/or blood-borne
macrophcges would tend to dilute the protein concentration

per macrophage because of the immsture macrophage's smaller
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cell size than that of mature macrophages.

The two- to five-fold increases in foamy material
associated with washes from CO-treated guinea pig lungs may
result from the increased number of macrophages recovered.
Since alveolar macrophages possess surfactant on their cellular
surface (13), it could be speculated that the increase in
foamy material was due to a greater storage or transporting

capability of PAM's for surfactant when the PAM's were exposed

to CO.
SUMMARY

Macrophage number and viability have been demonstrated
to be sensitive indicators of cellular response in guinea
pigs exposed to CO at 1 and 8 ata. The increase in number of
PAM's observed in animals exposed to the three concentrations
of CO, indepenient of pressure, is important when considering
the animal's ability to adapt to stress such as a response
to remove foreign material from the respiratory system.

The finding in this study of decreased protein content
per macrophage from animals exposed to various concentrations
of CO, regardless of pressure, is in marked contrast to
reported increases in proiein content of macrophages exposed

to cigarette smoke (14).
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