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ABSTRACT
THE PATHOLOGY OF SILO GAS
TOXICOSIS IN PIGS

by William Ellis Giddens, Jr.

Research was conducted to determine the composition of silo gas,
the effects of silo gas in pigs, and the similarity between the lesions
of silo gas toxicosis in pigs, nitrogen oxides toxicosis in rats, and
silo filler's disease in man.

The analysis of gas was made with the mass spectrometer. The con-
centrations in 2 silos were: (a) carbon dioxide, 0.173 to 9.054%, (b)
nitric oxide, 0 to 140 parts per million, and (c) nitrogen dioxide, 8 to
360 parts per million.

Pigs were exposed for 3, 4, 5, and 10 minutes to silo gas. All
pigs exposed for 10 minutes died within 21 to 72 minutes. All other pigs
survived exposure, with the exception of 1 pig exposed for 4 minutes,
which died in 10 hours and 27 minutes, Survivors were killed and
examined at 15, 29, 30, 60, and 61 days.

In pigs dying from exposure to silo gas, the earliest lesions noted
were alveolar edema and hyperemia. The edema was eosinophilic and formed
large quantities of fibrin in pigs that survived the longest. In addi-
tion, there was hemorrhage, bronchiolar and bronchial epithelial desqua-
mation, and perivascular, interlobular, and subpleural edema. These
lesions were similar to those produced in rats by exposure to high con-

centrations of nitrogen oxides. Pigs surviving the acute effects of
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silo gas toxicosis did not develop bronchiolitis fibrosa obliterans,

which has been described for silo filler's disease in man.
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INTRODUCT ION

"At first glance the lungs may seem uncomplicated,
but many wise men have gone astray in their laby-
rinths., ... Disease commonly results in a profound
but variable revision of their architecture, With
each breath, also, the innermost recesses of the
respiratory tract are brought very much into con-
tact with a sometimes hostile environment., That
we are not more often disabled we owe to their
marvelous capacity to recover fram injury and to
their large reserve."

Averill A, Liebow (1962)

In our diverse and ever-changing environmment, new stresses constantly
appear. One of the most ubiquitous of these is the nitrogen oxides.

As by-products of the combustion of gasoline and of tobacco, they are
present in small quantities as pollutants in the air of populated areas
of the world, In much higher concentrations, they are also a formidable
occupational hazard in certain industrial, military, and agricultural
occupations,

In the toxicoses that occur following exposure to concentrations of
nitrogen oxides, there is a wide spectrum of lesions. In man one of the
most interesting lesions is bronchiolitis fibrosa obliterans (BFO). Al-
though it is a common lesion in silo filler's disease and in other forms
of nitrogen oxides toxicosis, it has never been convincingly reproduced
in animals by exposing them to pure gaseous nitrogen dioxide. Stokinger
(1964) has advanced 2 theories to explain this enigma:

1. Nitrogen dioxide may not be the only toxic gas produced in

silos.
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2, Animals may respond differently from humans to nitrogen dioxide
and, in fact, do not produce BFO as a response to this gas.

This research was an attempt to determine more fully the pathology
of silo filler's disease and of BFO, Two things were unique in this
study:

1., Exposures were to naturally produced silo gas in freshly filled
farm silos, thus simulating the conditions of human exposure.

2, The pig was selected for exposure to silo gas. This animal
resembles the human in many aspects of pulmonary structure (McLaughlin
et al,, 1961) and it has not been used in any of the previous research

on nitrogen oxides toxicosis,



REVIEW OF THE LITERATURE

Von Oettingen (1941) published a thorough review of the early litera-
ture of nitrogen oxides toxicosis, More recent reviews have been com-
piled by Gray (1959) and Stokinger (1964). This review, while attempt~
ing to give an over-all summary of the many ramifications of nitrogen
oxides toxicosis, will be concerned particularly with the literature

relating to the disease in man called silo filler's disease.

Chemistry of the Nitrogen Oxides

Stokinger (1964) listed the nitrogen oxides that may contaminate

the atmosphere as:
nitrous oxide...ccccceecee0s.N20
nitric uidQOOOOOQOOOOOOQOOONO
nitrogen dioxide...cccccee..NOp
nitrogen triuid‘.oooooooooonz%
nitrogen tetroxide...ce.c..0..N20,
nitrosen pentoxide..........Nz%

Grayson (1957) reported that nitrous oxide is commonly used in
inducing anesthesia and has no toxic effects, that nitrogen trioxide dis-
sociates very rapidly into nitric oxide and nitrogen dioxide, and that
nitrogen pentoxide reacts with air to form nitrogen dioxide and nitrogen
tetroxide. Thus, the principal nitrogen oxides from a toxicologic point
of view are nitric oxide, nitrogen dioxide, and nitrogen tetroxide.

Nitric oxide is produced in some reactions involving low concentra-
tions of nitric acid (Jolly, 1964; Thienes and Haley, 1964) and in
welding operations (Elkins, 1946). Von Oettingen (1941), Grayson (1957),
and Thienes and Haley (1964) stated that nitric oxide is quickly

3



4
converted to nitrogen dioxide in the presence of air, whereas Elkins
(1946) and Stokinger (1964) stated that conversion to nitrogen dioxide is
dependent upon concentration of nitric oxide. Elkins (1946) described
the kinetics of this conversion and stated that a concentration of 100
parts per million (p.p.m.) nitric oxide is converted to nitrogen dioxide
at the rate of 2.8 p.p.m, per minute, This allows high concentrations
of nitric oxide to persist long enough to exert toxic effects indepen-~
dently of nitrogen dioxide, and it may account for some of the variability
of results in the literature, Pflesser (1936, cited by von Oettingen,
1941) reported that nitric oxide has no irritant properties, but it can
induce & severe methemoglobinemia, which may cause death.

Von Oettingen (1941) mentioned that nitrogen dioxide is the most
important oxide of nitrogen from the toxicologic point of view., It
exists in equilibrium with its dimer, nitrogen tetroxide, Thienes and
Haley (1964) reported that at 22 C all the gas is present as nitrogen
tetroxide and at 140 C it is present as nitrogen dioxide. Von Oettingen
(1941) stated that in whatever nolecula_r form nitrogen dioxide is inhaled
it is at once altered to that equilibrium prevalent at body temperature,
wvhich is a mixture of approximately 30% nitrogen dioxide and 70% nitro-
gen tetroxide. Yost and Russell (1944, cited by Rounds and Bils, 1965)
stated that the gas, which would reach the lung cells through a film of
aqueous tissue fluid, combines with water in the fluid to form nitric and
nitrous acids,

Thienes and Haley (1964) stated that nitrogen dioxide is dark brown
in color, while nitrogen tetroxide is yellow. The mixture of these
gases may be any shade of brown, orange, or yellow. Because nitric

oxide, nitrogen dioxide, and nitrogen tetroxide are all in equilibrium
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with each other and because they are difficult to separate for purposes
of measurement, they are usually collectively referred to as the oxides
of nitrogen, nitrogen oxides, or simply as nitrogen dioxide. In this
thesis the term nitrogen oxides is used to describe this mixture of gases.

The most commonly used method for the measurement of the nitrogen
oxides employs a specific reagent which changes color in their presence.
Thiq reagent, & mixture of sulfanilic acid, N-(l-naphthyl)-ethylenediamine
dihydrochloride, and acetic acid, was first described by Saltzman (1954)
and is referred to as the Saltzman reagent. The color change is measured
in a spectrophotometer and calibrated with known concentrations of
nitrogen dioxide. Gill (1960) compared this method with other earlier
methods and described a simplified method for standardizationm.

Peterson et al. (1958) used thé"msl spectrometer to measure
,the nitrogen oxides, They used masses of 30 and 46 to measure nitric

oxide and nitrogen dioxide, respectively.

Sources of the Nitrogen Oxides and Their Effects in Man

The most ubiquitous source of the nitrogen oxides is the high tem-
perature combustion of liquid fuels in gasoline motors and diesel engines.
Hence, the chemical smogs today plaguing so many American cities are
related directly to the density of their motor traffic, Stokinger
(1964) has estimated that 200 to 300 tons of nitrogen oxides are emitted
daily into the Los Angeles atmosphere, and this city has reported (Mills,
1962) levels of over 3 p.p.m. This approaches the Maximum Allowable Con-
centration of 5 p.p.m. (Threshold Limit Values for 1960).

Haagen-Smit et al. (1959) found concentrations of 145 to 655 p.p.m.

nitrogen oxides in cigarette smoke and over 1100 p.p.m. in pipe and cigar
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smoke, Stokinger (1964) confirmed these findings., These levels of nitro-
gen oxides in the atmosphere would be rapidly fatal to man, There is no
evidence to indicate why the same levels in tobacco smoke are so innocuous,

The nonagricultural sources of lethal concentrations of nitrogen
oxides are usually related to the use of nitric acid, the detonation of
explosives, the operation of carbon and electric arcs and acetylene
torches, the incomplete combustion of celluloid and nitrocellulose films,
and the combustion of rocket fuels.

Exposures associated with nitric acid have been reported by Wood
(1912), Rossano (1945), Adley (1946), Feil (1951), McAdams and Krop
(1955), McAdams (1955), and Darke and Warrack (1958). In all these
exposures nitric acid came into contact with some substance which it
oxidigzed, yielding large amounts of nitrogen oxides., Cases reported by
Wood (1912), Rossano (1945), and Adley (1946) terminated fatally in 26
hours to 10 days after exposure (AE) from pulmonary edema and/or broncho-
pneumonia. McAdams (1955) and Darke and Warrack (1958) described cases
in man that terminated fatally 14 and 27 days AE with bronchiolitis
fibrosa obliterans (BFO). Schultz-Brauns (1930, cited by von Oettingen,
1941) has reviewed other fatal cases associated with nitric acid.

Becklake et al. (1957) studied the long-term effects of 7 patients
exposed for 5 to 75 minutes to blasting fumes from “ammonium dynamite™.
High concentrations of nitrogen dioxide were believed to be present in
the fmt, and pulmonary function studies on the patients for periods up
to 64 months after exposure revealed changes consistent with fibrosis of
the bronchi and bronchioli and narrowing of their lumina in 2 of the

patients, They interpreted these findings as indicative of BFO.
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Pflesser (1936, cited by von Oettingen, 1941) and Charleroy (1945,
cited by Kooiker et al., 1963) have reported fatalities resulting from
explosions on naval vessels in which large quantities of nitrous fumes
were produced,

Williman (1935) and Lindqvist (1944) reported 5 deaths from 1 to 4
days AE to fumes produced by electric and acetylene welding in confined
spaces, Coltman and MacPhcrgon (1938) and Elkins (1946) described the
high levels of nitrogen oxides that may be produced by these procedures.
In several nonfatal cases which Lindqvist reported, confluent areas of
increased density with a mottling effect that resembled miliary tubercu~
losis were seen on radiographic examination.

Large quantities of nitrogen oxides may be produced by the slow
combustion of celluloid and nitrocellulose film, The Cleveland Clinic
disaster (Editorial, J.A.M.A., 1929), in which roentgen film of nitro-
cellulose type caught fire, resulted in the deaths of 125 people and the
hospitalization of 80 to 100 others. Nichols (1930) described 3 of these
fatalities, One patient died from pulmonary edema shortly after exéocuro;
another died several days AE from tracheobronchitis, pulmonary edema,
and bronchopneumonia; the 3rd died 25 days AE from subacute interstitial
pneumonia, Convalescing patients had numerous small nodular opaque
areas in the lungs on radiographic examination, These resembled miliary
tuberculosis and were diagnosed as exudative infiltration and inter-
stitial fibrosis., The opacities seemed to gradually fade as the
patients recovered.

The most recent source of air pollution from nitrogen oxides is the
firing of ballistic missiles, Diamond and Johnson (1965) determined the

concentration of nitrogen oxides emitted by the test firing of the



8
Titan II missile and found 29 to 461 p.p.m., at 300 feet and 0 to 32 p.p.m,
at 700 feet from the firing point of the first stage. McLouth and Terry
(1965) recorded 0 to 80 p.p.m. nitrogen dioxide when air was sampled 300
feet from the exhaust blast of the Titan missile.

Flury (1930, cited by von Oettingen, 1941, and McAdams and Krop,
1955) has distinguished 4 clinical types of nitrogen oxides toxicosis:

1, The irritant gas type is characterized by severe irritatiom,
choking in the throat and chest, and violent coughing, followed by a
latent period of several hours when symptoms reside. Following this
latent period the patient becomes more dyspneic, cyanotic, and dies 1 to
2 days later from pulmonary edema, McAdams and Krop (1955) stated that
this is the phenomenon produced when nitrogen diou:id‘e. is the main oxide
present,

2. The reversible type is characterized by immediate dyspnea,
cyanosis, vomiting, vertigo, loss of consciousness, and methemoglobinemia,
This group of patients does not develop pulmonary edema and, if removed
from the exposure early enough, may recover completely., Otherwise, the
poisoning may rapidly end fatally, According to McAdams and Krop (1955),
this type is produced when nitric oxide is the main oxide present,

3. The shock type is characterized by severe symptoms of asphyxia~
tion, convulsions and respiratory arrest, death presumably being.‘ due to
interference with the pulmonary circulation resulting in stasis in the
blood vessels, This form is due to sudden inhalation of very high con-
centrations of nitrogen oxides.

4. The combined type is characterized by symptoms of central nervous
system disorder, such as vertigo, soﬁmolence, and staggering gait. There

may be some cyanosis, After apparent recovery, this stage may be followed,
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after some hours, by progressive dyspnea, marked cyanosis and pulmonary edema.

Lowry and Schuman (1956b, cited by Stokinger, 1964) reviewed the litera-
ture and correlated the clinical and pathologic processes with the concen-
tration of gas., They estimated that acute pulmonary edema, bronchopneumonia,
and death in 2 to 10 days usually result from exposure to over 500 p.p.m.
nitrogen dioxide. Exposure to 150 to 200 p.p.m. results in fatal BFO in 3
to 5 weeks. Bronchiolitis with focal pneumonitis results from exposure to
50 to 100 p.p.m. Spontaneous recovery usually occurs after 6 to 8 weeks.

Blumgart and MacMahon (1929, Ehrlich and McIntosh (1932), La Due
(1941), McAdams (1955), and Spencer (1962) have reviewed the literature and
described the clinical and pathologic characteristics of BFO, This lesion
was first described by Lange in 1901. Fraenkel (1902, cited by La Due,
1941) was the first to describe it in association with nitrous fume poison-~
ing, Fraenkel divided the clinical course into 3 stages: (1) there was a
short period immediately after exposure to the gas in which the patient
wvas dyspneic, cyanotic, and coughing; (2) there was a latent period of
variable length during which all symptoms vanished; (3) there was a final
period during which symptoms were markedly accentuated, the patient expec-
torated bloody sputum, coarse rales were heard, and there was increasing
emphysema. Lowry and Schuman (1956a) list the causes as (1) inhalation of
irritant gases, such as nitrogen dioxide, ammonia, chloropicrin, chlorine,
hydrogen chloride, sulfur dioxide, phosgene, and the war gases, and (2) a
complication of pneumonia, particularly influenza., Blumgart and MacMahon
(1929) have described the pathogenesis of the lesion. Catarrhal bronchio-
litis with necrosis and desquamation of bronchial and bronchiolar epithelium

are first seen., The inflammatory process involves the basement membrane,
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elastic and smooth muscle fibers, and peribronchiolar connective tissue.
The bronchioli contain an inflammatory exudate with numerous desquamated
epithelial cells, leukocytes, and large quantities of fibrin, Fibroblasts
and some capillary endothelial cells proliferate into this exudate and
attempt to organize it., The final result is a polypoid mass of fibro-
blastic granulation tissue, which may or may not be covered by epithelium,
projecting into the lumen of the bronchiole. The lumen may be completely
obliterated, or there may be a crescentic slit remaining. There is
frequently emphysema in the alveoli distal to the obliteration. Grossly
these fibroblastic masses appear as firm, irregular nodules 1 to 2 mm,
in dismeter and scattered throughout the lungs. On radiographic examina-
tion they have the appearance of miliary tuberculosis,

The specific lesion of BFO is rare. Lowry and Schuman (1956a)
reported that only 2 cases out of a total of 70,281 were diagnosed at

the University of Minnesota Medical School between 1919 and 1952,

Experimental Studies of Nitrogen Oxides Toxicosis

The Hygienic Guide Series (cited by McLouth and Terry, 1965) set
the odor threshold for nitrogen dioxide as 5 p.p.m. McLouth and Terry
reported that odor could be detected when less than 1 p.p.m., was the
measured concentration., Because of their findings, the odor threshold
at Cape Kennedy is considered to be 1 p.p.m. Henschler et al, (1960a,
1960b, cited by Stokinger, 1964) used nitrogen dioxide produced from the
action of acid on sodium nitrate and reported that 0.1 p.p.m. could
occasionally be detected and 0.4 p.p.m. could always be detected. Stokin-
ger (1954) reported that the threshold of odor perception generally is

lto3 p.p.m. for the majority of individuals,
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In a series of self-exposures, Lehmann and Hasegawa (1913, cited by
von Oettingen, 1941) noted that exposures of 64 p.p.m, nitrogen dioxide
caused moderate irritation of the larynx, 100 p.p.m. caused marked irri-
tation, and 207 p.p.m. caused very marked irritation of the nose and
larynx, with coughing, increased nasal secretion, and lacrimation. Huie
(1962, as np&ted in personal communication to Stokinger, 1964) exposed
volunteers to differing concentrations of nitrogen dioxide., Breathing
50 p.p.m., for 1 minute produced unfavorable reactions in 2 of 7 adult
volunteers, About half the volunteers found that brief exposures to
25 p.p.m. were unpleasant but presumably not harmful, The Emergency
Tolerance Limits set by the technical manual, Oxides of Nitrogen-Toxicity
(1963, cited by McLouth and Terry,1965) are 35 p.p.m. for 5 minutes,

25 p.p.m. for 15 minutes, 20 p.p.m. for 30 minutes, and 10 p.p.m, for

60 minutes, The Maximum Allowable Concentration (that comcentratiom
which can be tolerated 8 hours daily with no harmful effects) set by

the Conference of Govermment and Industrial Hygienists is 5 p.p.m. nitro-
gen dioxide (Threshold Limit Values for 1962).

Vigdortschick et al. (1937) surveyed 127 men working in industries
in which the concentration of nitrogen oxides averaged 2,6 p.p.m. These
workers had higher rates of tooth decay, chronic bronchitis, pulmonary
emphysema, and tuberculosis than did workers in nitrogen oxide-free
environments.

La Towsky et al. (1941), von Oettingen (1941), Gray (1959), Kooiker
et al. (1963), and Stokinger (1964) reviewed the early research on the
toxicity and pathology of experimental nitrogen oxides toxicosis.

La Towsky et al. (1941), Gray et al. (1954a), Comstock and Rue (1961),
and Kooiker et al. (1963) described methods for exposing animals to

measured concentrations of nitrogen oxides,
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La Towsky et al. (1941) exposed 112 animals (cats, rabbits, mice,
guinea pigs, and rats) to concentrations of nitrogen oxides varying from
2,6 to 1000 p.p.m. Continuous exposure to 100 p.p.m., produced death in
an average of approximately 5 hours, 400 p.p.m., in 1 hour, 800 p.p.m, in
30 minutes, and 1000 p.p.m. in 19 minutes, In a given concentratiom,
length of survival depended upon length of exposure. Animals survived
an average of 21 hours when exposed to 100 p.p.m. for 10 minutes, Met~
hemoglobin was seen frequently in the blood during and after exposure,
but it disappeared rapidly when the animal was removed from the exposure
chamber, MacQuiddy et al. (1941) reported severe hemoconcentration (due
to pulmonary edema), lower blood pressure (due to the effect of nitrite
on the smooth muscle of the blood vessels), methemoglobinemia, and simul-
taneous failure of both heart and respiration in these same animals.
Tollman et al. (1941) described the lesions in these animals, Of the
fatalities, 6% of those which were exposed to the higher concentration
died from immediate asphyxiation due to severe methemoglobinemia. All
the vessels were filled with brown blood, and there were no histologic
lesions, Death due to pulmonary edema during or several hours after
exposure accounted for 88% of the fatalities, Most of these animals
died with dyspneic convulsions, Histologically, there was severe pul-
monary edema and necrosis of bronchiolar epithelium. Lung weights,
expressed as percentage of body weight, increased 2.6 to 4.7 times over
controls due to the pulmonary edema, Pneumonitis due to secondary bac~
terial infection accounted for 6% of the fatalities. These animals died
within 1 week after exposure, There were no lesions.in the animals

that survived the acute and subacute effects of the gas,
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Tollman et al. (1941) produced similar lesions in laboratory animals
by exposing them to carbon arc fumes, They recorded concentrations of _
72 to 140 p.p.m. nitrogen dioxide in the fumes,

Gray et al. (1952) demonstrated that exposure of rats to 9 to 14
P.P.m. nitrogen oxides at 4-hour periods for a total of 40 to 96 hours
produced rhinitis, tracheitis, and pneumonitis. In a later report (1954c)
no harmful effects were noted after exposure to 4 p.p.m., for 4 hours
daily, 5 days per week, for 6 months, They recommended on the basis of
these data that the Maximum Allowable Concentration of 25 p.p.m. be
lowered to 5 p.p.m. The median lethal concentration for male albino
rats vas 138 p.p.m, for 30 minutes and 67 p.p.m., for 4 hours (Gray et
al,, 1954b)., Gray and his associates were the first to use pure sources
of nitrogen dioxide and noted that nitrogen dioxide was the primary toxic
substance in red fuming nitric acid, but that the presence of acid vapors
increased the toxicity 25%.

Ripperton and Johnson (1959) exposed rats to 0.5 p.p.m. nitrogen
dioxide for 2 to 6 weeks and noted no histologic changes in the lung or
liver, The levels of urinary aspartic acid were significantly increased
in the exposed rats. |

Carson et al. (1962) exposed rats, rabbits, and dogs to concentra-
tions of 10 to 1000 p.p.m, nitrogen dioxide. They reported that lung
weight /body weight ratios provided the quickest and most objective indi-
cation of nitrogen dioxide exposure. The threshold concentrations for
toxic effects in rats were 104 p.p.m. for 5 minutes, 65 p.p.m, for 15
minutes, and 28 p.p.m. for 60 minutes, In animals that survived exposure

there were no significant differences when compared with controls.
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Kleinerman and Wright (1961) exposed rats, rabbits, and guinea pigs
to nitrogen dioxide‘ for i-hour periods, Exposures to 150 to 260 P.pP.m.
killed all rats and 1/3 :of the rabbits, With exposures of 15 to 75 p.p.m.
they all survived, Immediately after exposure they had acute pneumonitis
and pulmonary edema, By the 4th day the acute inflammatory changes had sub-
sided and macrophages and epithelial regeneration were present, especially
in the terminal bronch{.olea. Healing was practically complete in 2 weeks.

Freeman and Haydon (1964) reported that rats exposed to 100 p.p‘:n.
nitrogen dioxide began to die within 24 hours from pulmonary edema. .Two-
thirds of the rats exposed continuously to 50 p.p.m. died in 48 to 6§
days. All rats survived 25 p.p.m. for periods up to 157 days, with hyper-
plasia of epithelial and connective tissue cells of the bronchioles,
accunulation of desquamated cells, and partial airway obstruction'causing
some emphysema,

Buckley and Balchum F1965) studied oxygen consumption rats, lactic
dehydrogenase levels, and aldolase levels in guinea pigs exposed to short~
and long-term dosage regimens of nitrogen dioxide. The short-term exposures
were to 40 p.p.m. at h‘alf-hour periods for a total of 4% hours. The;'e was
a 2-hour rest period between exposures. The long-term exposures were to
15 p.p.n;. ‘continuously fpr ]:0 weeks., They observed significant increases
in ozxyge:; consumption values in splenic and renal tissues of animals on
short- and long-term exposures., Hepatic tissue values were increased
iﬁ animals on short-term exposures only, while lung tissue values
were not significantly different in experimental and control groups.
Aldolase and lactic dehydrogenase activities were increased by both

exposure regimens, The relative change in activity varied widely in

different organs, indicating that tissues may respond to nitrogen
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dioxide through different mechanisms, or that the effects may not be the
same in different organs.

Balchum et al. (1965) demonstrated increased levels of antibodies
against lung tissue in the serum of guinea pigs inhaling nitrogen dioxide
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