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OBRJECTIVE
Amyl nitrate has been found to serve the practical

purpose of improving the ignition of diesel fuel under the

ordinary conditions of its use in diesel engines. In addi=-

tion, it can be made available in ample quantity by apparently

economical means.,’ Accordingly, the compound may well find
extensive use and is worthy of toxicological investigation
in relation to the potential hazards which it offers to
those who may handle it and the fuel to which it is to be
added.’

Experimental observations on laboratory animals
were made to obtain information concerning the toxicity of
amyl nitrate by various routes of administration. The ex-
perimental exposure included cutaneous, oral, intravenous
and intraperitoneal administration of amyl nitrate in
graded dosages, and the inhalation of its vapor in air in
varying concentrations. The extent of the contamination
of the atmosphere with amyl nitrate was also determined
under a variety of conditions, some experimental in type
and others related to the actual handling of the compounds
The efficiency of the removal of the vapor of amyl nitrate
from air passed through the standard gas mask canister

nfor organic vapors® was tested. The effects of the expos~

ure of human beings to amyl nitrate so far as they are known,

have been described.

The foregoing information is correlated with the known

behavior and the tolerable concentrations of related compounds.'
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On the basis of the assembled information, the author

(1) makes recommendations for further experimental work;
(2) proposes tentative maximal allowable concentrations;
t3) suggests precautionary measures; and (4) advises that
élinical observations be carried out systématically on

exposed workmen.'

INTRODUCT.ION

Since 1940, there has been a four-fold increase in
demand for diesel fuel as well as an increased competition
for oil stocks from such varied sources as heating units
and jet engines. These competitive markets continue to
increase the demand for the raw material; such products
need less refining than diesel fuel. This has stimulated
the search for an economical means of production of diesel
fuel. Producers, engine manufacturers, and consumers of
diesel fuel desire a product fulfilling certain basic re-
quirements which will: (1) simplify refining processes;
(2) supply quality fuel economlcally in quantity; (3)
allow the upgrading of oil stocks to diesel fuel requlrement,
and (4) produce diesel fuel of uniform ignition qualitys
Thesé specifications are met most adequately by the use of
an additive to the oil. Many materials are suggeéted.
Experimentally, the most effective additives appear to be
acetone peroxide, isoamyl nitrate, commercial amyl nitrate

and ethyl nitrate (1)
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The quality of diesel fuel is measured primarily
by the cetane number, a measure of the ignition value of
a diesel fuel oil. It is the percentage by volume of cetane
(Cy1gHass a colorless oil found in petroleum) in a mixture
6f cetane and l-methyl naphthatene which gives the same
lag in ignition as the oil tested. The higher the cetane
munber the better is the ignition value.

It is frequently necessary to refine the crude oils
selectively and to blend them individually in order to
obtain a standard product or to gain specifically desired
qualities in the finished diesel fuel. Desirable ignition
qualities are present in straight run distillates of paraf-
fin base crude oils; however, naphthenic crudes, ahd

. distillates from cracking operations are usually deficient
in these ignition qualities. With the increase in demand
for diesel o0il and in competitive uses of the same stocks,
greater quantities of cracked products have been included
in the marketed fuel. This has advantages of lower pour
points and higher heating values per gallon, but introduces
the problem of adequate ignition quality.

A variety of additives are suggested and have been
found to be satisfactory, experimentally, in producing the
desired ignition quality in diesel fuel. The reasonable
cost (estimated at $0.001 per cetane number per gallon)
and vépor pressure (the boiling point being in the range of

the lighter fraction of diesel oil) of commercial amyl nitrate
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either in concentrated form or when blended with fuel,
made its selection economically sound. An advantage of
amyl nitrate is a flash point of 130°F. which is high
enough to have little effect on the finished diesel fuel.
Experimental storage over the period of four and one-half
months has not demonstrated deterioration in ignition
acceleration or siéparation of the fuel and additive (2).
Investigations by the Bureau of Explosives of the Américan
Railroads have demonstrated the insensitivity of amyl
nitrate to thermal or mechanical shock; and it has been
classeﬂ.asfa nonflammable liquid by the Interstate Commercé
Commission (3). |

In 6rder to use a wider range of o0il products and
to maintain the desired qualities in the finished diesel
fuel, investigative work was iﬁitiated on the types of oil
products and on the quantity of additive necessary to pro-
duce a commercially satisfactory diesel fuel. Experimental
work on the quality of amyl nitrate as an ignition acceler-
ator demonstrated that its greatest effect in increasing
the cetane number of a diesel fuel occurred with the addition
of the first one per cent (2); however, fuels of higher
cetane number dispmayed a greater degree of improvement
with the same percentage of additive. Disadvantages of
loss of power or increased rate of fuel consumption have
been observed with the use of the additive. Ké;the per-

centage of additive is increased, the power output for a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



given weight of fuel is decreased; this is apparently
related to the lowering of the heat content of the fuel.
There also occurs an increase in rate of fuel consumption
at a constant power output, which is related to dilution
of the fuel by the additive. Although the specific action
of amyl nitrate as an ignition accelerator is not known,
as an oxidant it apparently produces an increased activity
at the centers from which combustion originates. For gen-
eral use, not more than 0.5 per cent of amyl nitrate, as
an additive, is suggested (L4).

By better selectioﬁ of basic oil stocks and by
the use of amyl nitrate as an additive, it is possible to
increase the cetane number of diesel fuel and thus allow
engine manufacturers to design engines for maximum perform-
ance with reduced operapional costs. It has been shown that
with an increase in the cetane number of the fuel, exhaust
odors and smoke, engine roughness, engine deposit, and
starting difficulties decreased. A fuel of fifty cetane
number has been established as a satisfactory minimum require-
ment for automotive type diesel engines in general service,
although it is possible to design diesel engines for operation
on low cetane fuel. The demands of automotive engine service
are for reduced weight and minimum space requirements, together
with simplification of design with anticipated reduction of
maintenance problems. Improved engine design demands a fuel

of higher cetane numbers'
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When firing occurs with the piston in the top
position, an adequate deiay in ignition occurs if the
fuel has the desired detane number. Fuels of inadequate
cetane number produce "knocking®™, uneven and incomplete
combustion with subsequent smoke and loss of power, par-
ticularly under unfavorable conditions of ignition such
as those associated with a "cold" engine, idling speed
and high altitudes. Tests of full ecale diesel engines
have shown that engine deposits are not increased., The
engines can not distinguish between fuels of the same
cetane number, whether due to high cetane content or to
addition of amyl nitrate (4).

This meets the refiner's requirement for a method
of producing the desired diesei fuels without costly inter-
mediate processes. The use of an ignition accelerator will
allow the blending of diesel fuel for special purposes. The
reasonable cost of amyl nitrate will permit its use as an
additive to supply quality diesel fuel economically in quan-
tity. The availability and distribution of a fuel of uniform
and constant igntion quality will meet the demands of the
automotive engineers in their efforts to manufacture an
engine of greater effi€iency and economy.

Under these conditions of commercial femsibility
it is anticipated that amyl nitrate will probably find gen-

eral use as an ignition accelerator for diesel fuel.
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Section I

EXPERIMENTAL WORK ON AMYL NITRATE
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EXPERIMENTAL MATERIAL

The experimental work reported in this paper
used Ethyl Corporation Compound DB-26. This compound
was a mixture of several normal, primary and branched-
chain amyl nitrates withonot more than five per cent
of secondary amyl nitrates and a trace of amyl élcohol;
It was unstable above the boiling range and should not
be distilled above fifty millimeters of mercury. The
material was miscible with hydrocarbons and soluble in
water to the extent of 0.3 per cent (5).

The vapor pressure of isoamyi nitrate was re-
ported by Stull (6). The vapor pressure is plotted
logarithmically égainst temperature in degrees Kelvin
in Pigure 1l.

A The physical properties of the material used in

these experiments are shown in Table l. (2)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INHALATION (5)

The potentialities for the inhalation of the
vapors of amigl nitrate under uncontrolled conditions
of handling prompted investigations of the toxicity and
hazards of the source of exposure. A series of animals
were selected for exposure. These groups consisted of
two guinea pigs, five mice, two rabbits and four rats.
In certain experiments a cat was added. Where the fatal
outcome of the experiments was reasonably certain, only
rats or mice were employed., This selection of animals
was economical and consistent with the experience of
other investigators, while the numbers employed were
sufficient to provide a sound basis for statistical anal-
ysis of the results. The animals were subjected to the
inhalation of varying concentrations of the material over
varying periods of time. These conditions ranged from
twenty minutes at 13.6 milligrams of amyl nitrate per 1iter
of air (2549 ppm) to one~hundred forty hours at l.4 milli-
grams pér liter (262 ppm), the latter being accomplished
by twenty periodé of seven hours each. The highest concen-
tration employed was 19.9 milligrams per liter (3730 ppm)
for seven hours. Initially, periods of shorter.duration at
higher concentrations served to establish tolerable and
lethal levels for the several species of animals. Sub-

sequently, lemger periods of exposure at lower concentrations
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were employed to discover more insidious effects. These
experiments, although few in number, provided reasonably
adequate information concerning the several species.
The apparatus consisted of a wooden cage of 283

liter capacity, internally coated with chemically resist-

ant paint, and equipped with a fan and fluorescent light.

The behavior of the animals was observed through a hinged
door in which was a glass window. The window was protected
by a wire mesh screen on the interior surface. Four openings
into the cage were available: one, for the introduction of
vaporized amyk nitrate in a controlled air stream; another,
for the removal of the mixed air in the cage; a third, for

a vaporizing wick with which to provide quickly the desired
initial concentration of amyl nitrate; and a fourth, tor the
removal of samples of the mixed air of the cage for analysis
A Gast rotary blast and suction air pump passed a

controlied volume of air through a calcium chloride tower
and a calibrated rotometer, Figure #2. The measured flow

of air was passed into a receiving 6hamber into which liquid
amyl nitrate was delivered at a calibrated rate. In this
receiving chamber the amyl nitrate was dropped upon glass
wool and vaporized into the air by a heating unit, the tem-
perature of which was controlled by a "Variac". The contaminated
air was then passed into the animal cage. Preliminary to

the introduction of the air-amyl nitrate stream into the

cage, a calculated amount of amyl nitrate was added to the
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vaporizing wick. The temperature of the wick was held
at the boiling range of amyl nitrate (150° C.), and the
quantity added was determined by the ﬁolume of the cage
and the concentration demired for the duration of the
experiment.

The 1iquid amyl nitrate was delivered from a
twenty milliméter calibrated glass cylinder at a constant
rate of fdow, by means of a plunger acturated by a motor
and suitable gears, the spe¢ific rate being determined by
the gear ratio. The amyl nitrate in the cylinder was main-
tained at a constant temperature by means of a water bath
at room temperature. The mechanism for the delivery of
amyl nitrate was calibrated under the constant experimental
conditions, by collecting iﬁcrements from the cylinders at
intervals of one minute in weighed receiving chambers which
were immersed in an ice baths

The delivery of amyl nitrate was varied to meet the
experimental conditions desired in the most convenient man-
ner, in association with the regulation of theair stream with
which it was captried into the chambery

The concentration of amyl hiﬁrate in the air of the
chamber was determined direétly in samphés of air collected
in evacuated glass balloongf».Several samplies were collected
during each experiment. The sample was shaken for five min-
utes with a measured quantity of redistilled ethyl alcohol,

released into the balioon from a connected glass compartment
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by opening the interposed stopcock. Themixture was then
recovered; measured, and a portion was introduced into a

ten: millimeter Quartz cell. The percentage of transmission
of ultra-violet radiation at 235 mu. was measured by com-
~parison with a corresponding cell containing distilled

ethyl alcohol, in a Beckman spectrophotometer set with a

2.0 centimeter opening. The readings were interpreted by
means of a transmission curve prepared from solutions of
known concentration (Figure #3). In experiments of pro-
longed duration she éﬁalyticél results subjected to
statistical analysis. In one of seventy hours duration

the mean concantration was 3,20 milligrams of amyl nitrate
per liter of air, and the standard deviation was * 0.6k,
while in another of one hundred forty hours duration the
corresponding values were 1.40 (i,0-38)°

The species mortality ié summarized graphically in

Figures #3 to 8, in which are shown the logarithmic relation-
ships ofntime and concentration with mortality. The duration,
in hdurs, is plotted along the abscissae and the concentrations
in milligrams per llter along the axes of the ordlnates. The
total humber of animals in each experiment is represented by
a circle; the portion of each circle that l1s& filled indicates
the percentage of mortality ﬁnder'the experimental conditionse.
The straight lines separate the graphs into two regions, that
above and to the right representing lethal conditions, and
that below and to the left being compatible with survival.

No deaths occurred among the exposed catsy
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It is noted that the slope of the lines varies
with the species, and that some change in the slope seems
to occur as the period of exposure lengthens above fifteen
hours.

At intervals during the course of each experiment
and at its conclusion, observations were made on the exper-
imental animals through the protected glass window in the
door of the cage. The following paragraphs summarize the
behavior patterns of the experimental animals during the
periods of exposure.

CATS - Upon exposure to a concentration greater
than 9.09 milligrams per liter (1703 ppm) the cats responded
in a uniform manner. The severity of their reactions increas-
cd to the convulsive level at 1917 milligrams per liter
(3593 ppm). Tremors, salivation, rapid deep respiration,
énd prostration with a full cardiac pulse were observed be-
low nineteen milligrams per liter. At a level of 3.20
milligrams per liter (599 ppm), the animals became ataxic
and lethargic. They éhowed an increase in the rate and
depth of respiration, and moderate salivation, but were not
narcotized. No abnormalities of behavior were observed
during or after exposure to the concentration of 1.40 milli-
grams per liter (262 ppm). No consistent pattern of weight
loss was manifesﬁed, except that there was some tendency to
greater weight loss in association with the more prolonged

exposure to the higher concentrationse
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GUINEA PIGS - Lethal dohditions for guinea pigs were
found to be near or slightly above 16.39 milligrams per
liter (3072 ppm) for fourteen hours, and 12.7 milligrams per
liter i2380 ppm) for twenty-one hours. At these levels the
animalé showed tremors, convulsive episodes, and labored
respirations. The respiratory changes were more constant
and were accompanied by tremors when the concentrations were
in excess of 3.20 milligrags per liter (599 ppm). The guinea
pigs were asymptomatic at a level of 1.40 milligrams per liter
(262 ppm). Individual losses in weight were sustained, these
Being evidenée of greater losses as the exposure increased in
severityvand duration.’ ’ |

RABBITS - The lethal levél for rabbits was between
16.39 milligrams per liter (3072 ppm) or twenty-one hours %o
19.17 milligrams per liter t3593 ppm) for three and one-half
hours. - At these levels the.animals showed these signs: pawed
their noses, attempted to escape, and developed cyanosis of
the ears, labored respiration, and convulsions. These digns
were less evident during exposure to lower concentrations.
At a level of 1.40 milligrams (262 ppm), some slight increase
in the depth and rate of respifation and slight hyperémia of
the ears were noted. Themaximum fosses of weight occurred
in association with conditions of maximum severity.

RATS - The lethal concentrations for rats ranged
from 16.39 milligrams per liter (3072 ppm) for fourteen
hours to 19.90 milligrams per liter (3730 ppm) for seven

hours. There were signs of ataxia, labored respirations,
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and prostration. At 3.20 milligrams per liter (599 ppm),
the ataxia was minimal, and the animals showed 6nly a slight
change in respiration. Signs of intoxication were absent at
1,40 milligrams per liter (262 ppm). In general, the losses
in weight of these animals'varied in accordance with the
severity of the experimental conditions.

MICE - The lethal range was above 9.09 milligrams
per liter (1703 pp,) for twenty-one hour exposure period.
The animalé were able to withstaﬁd exposures of 13.6 milli-
grams per liter (2549 ppm) for twenty minutes and 17.22
milligrams per liter (3227 ppm) for one hour. There were
consistent signs of afaxia and respiratory distress. During
exposure to the lower concentrations, the mice huddled and
developed increases in the depth and rate of respiration,
in inverse relationship to the level of concentration. The
weight losses tended to vary directly with the severity of
the conditions of exposure.

The rapidity of onset and the severity of the signs
observed varied directly with the concentrations of amyl
nitrate to which the animals were exposed regardless of the
species, although a species variation in susceptibility was
noted.

Following the exposure of animals to the higher
cqncentrations for longer than brief periods of time, the
surviving anigals were lethargic on the next day thereaftere.
This lethargy decreased, and normal behavior patterns returned
gradually. The duration of the lethargic state appeared to
depend upon the intensity and duration of the exposure to

amyl nitrate. No definitive observations or conclusions
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were made in this respect, but the apparent persistence of
lethargy tended to coincide,Agénerally, wiﬁh the extent of
the tosses in weight,

Blood was obtained from four cats by cardiac puncture
for the determination of methemoglobin formation, usipg a
modification of the method of Michael and Harris (8). There
were no spontaneous deaths among these animals. Eecause of
technical difficulties, we can only report the results ob-
tained from the study of one cat which was exposed to an
average concentration of 3.20 milligrams per liter (599 ppm);
on eight separate occasions. During the control pefiod,

10.3 per cent of the hemoglobin of this cat was found to

have been converted to methemoglobin; the conversion rose

to 35.6 per cent after the fifth period of exposure. After
four days without exposure, the blodd ®f the animal exhibited
11.2 per cent conversion. Immediately after three subsequent
periods of exposure, 59.5 pér cent of the hemoglobin had been
converted to methemoglobin. Four days later the percentage
of methemoglobin had decreased to 4.3 per cent.

Heinz bodies (9) were sought in the peripheral blood
of cats subjected to inhalation of the vapors of amyl nitraté,
the frequency of occurrences (percentages) of these bodies
in the erythrocytes was deterﬁined before the animals were
exposed. Subsequent counts followed the rise and return to
the normal (control) range. Figures # 9 to 11. This response

on the part of the cats varied somewhat under varying
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experimentdl conditions, but the most pronounced early
response was obtained by a single prolonged exposure to a
relatively high concentration.

Thirty hours after exposure of one hour duration
to the concentration of 19.9 milligrams per liter (3730 ppm),
Heinz bodies were found in ninety per cent of the érythrocytes;
The relative numbers decreased rapidly after this peak had
been reached, but twenty-seven days were required for the
return to normal numbers.

Exposure to the concentration of 19.17 milligrams
(3593 ppm) for three and one~half hours resulted in the
formation of these bodies in large numbers, the peak being
reached only after six days, when forty per cent of the
erythrocytes contained them. The return of the blood to a
normal state in this regard occurred only after forty-one
days.

Thirty hours after expesure to the concentration
of 9.64 milligrams per liter (1807 ppm) over the period of
seven hours, thirty-one per cént of the red cells contained
Heinz bodies. This declined to the control range in sixty-
eight days.

Exposure to the concentration of 17.22 milligrams
per liter (3227 ppm)‘for one hour resulted in a rise in
these inclﬁsion body counts which reached a peak of twenty-

nine per cent of the erythrocytes in nine days. The decline

to control level occurred in sixty-four days.
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On the fourth day after the last of a series of
three periods of exposure (for seven hours per day on three
successive days) to the coﬁcentration of 9.09 milligrams per
liter (1703 ppm), one cat had been found to have Heinz
bodies'in seventy-nine per cent of its red cells. By the
twenty-fifth day after the last period of exposure the blood
had returned to normal.

All of the animals employed in these experiments
were examined post mortem for gross pathological lesions
and the tissues of representative animal%fall species were
exsmined microscopically.

Animals of all species that died during or after
the inhalation of amyl nitrate were found to have similar
but non-specific toxic changes in their tissues. These,
as described in the more important organs, may be eharacter-
ized as diffuse dégenerative changes involving the hepatic
cells, the epithelium of the renal convoluted tubules, and
the nerve cells of the brain. Hyperemia and edema of the
lungs were also regular iy their occurrence.

With a single exception, the tissues of animals
that survived following inhalation of the vapor of amyl
nitrate and were killed for examination after they had
regained their normal weight, were found to be essentially
normal. The exception was that of a cat subjected to the
jnhalation of the vapor in the concentration of 1.4 milligrams
per liter in.air; for seven hours per day on each of twenty

days. When the animal was killed on the eighth day after the
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final exposure, the liver was found to be the site of an acute
focal inflammatory process involving the peripheral zone of
the lobules. One rat employed in this same experiment died
of pneumonia after the seventh period of exposure.

More specific information regarding the cardio-
respiratory response to amyl nitrate (7) was obtained by
the study of a male albino rabbit. After being anesthetized
with twenty milligrams of sodium barbital administered intra=-
peritoneally, the carotid artery and trachea of this animal
ware cannulated and connected to recording tambours. Air
was bubbled through amyl nitrate kept at the temperature of
35° C., and supplied to the animal by means of a conventional
apparatus over the period of six and one-half hours durigg
which 10.6 grams of amyl nitrate were vaporized.from the
containers’

The animal responded to the inhalation of the vapor
with an initial increase in respiratory rate and volume,
interspersed with periods of apnea and accompanied by a
sharp fall in blood pressure. After twenty minutes, the
respiratory rhythm became steady at about three times the
initial rate and the systolic blood pressure remained de-
pressed. During the following six hours, the blood pressuee
gradually stabilized at a lower level and the respiratory
rate decreased,’

Parallel observations (%) of the effects of the in-
halation of amyl nitrate and aﬁyl nitrite by the same species

of animal, have shown that the latter induces a more rapid
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fall in the systolic blood pressure and a lesser increase

in the respiratory rate than does the former. The inhalation
of the nitrate caused a gradual and moderate decline in the
systolic pressure, while initially, the respiratory rate was
markedly increased in rate and decreased in volume. When
amyl nitrate was being inhaled over a period of less than one
minute, the respiratory abnormalities tended to return to
normal promptly and indeed before the end of the period of

inhalation.,'

APPLICATION UPON THE INTACT SKIN (10)

Observations were made on‘the systemic and local
effects induced by repeated applications of amyl nitrate,
or of fuels containing amyl nitrate, upon the intact skin
of rats and rabbits, under conditions which prevented the
ingestion of the compound and the inhalation of the vapor.
Nine groups, each consisting of five male albino
rabbits, were selected for the experiment. The hair and
fur on the abdominal area of w®wight groups of these animals
were shorn and the anjmals were confined supinely in stocks
situated in a fume hood with their heads to the front in
the stream of entering air. Four portions of the experimental
material were placed upon the shorn surface and allowed to
remain in contact with the skin, the intervening period be-
tween the applications was one hour, and after a specified
period of time, usually one hour, following the fourth
application of the material, the residue was removed from the

skin as effectively as possible by washing the animal with
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soap and warm water. This procedure was repeated on five
successive days per week for one or more weeks. The control
group of animals was not subjected to daily handling or to
the periods of restraint described above but was employed
only for the purpose of providing comparative data on
changes in weight during the experimental period.

Three groups of animals were subjected to appdications
on each of forty-nine days (five days per week except for
one week of four days). Thé groups of animals and the re-
spective materials applied upon their skins are identified
as follows:

Group 1. 2 ml. of diesel fuel (type not specified)
containing 0.5 per cent of amyl nitrate; Four doses were
applied in the manner previously speﬁified; the total dose
of amy nitrate per day being 0.04 milliliters.’

Group 2. 2 ml. of a model airplane fuel; this fuel
was composed of twenty per cent of amyl nitrate, sixty per
cent of forty-five straight run gasoline, eighteen per cent
of lubricating oil (S. A. E.), and two per cent of oleic acid.
Four doses were appiied, as indicated, the total dose of amyl
nitrate per day being 1.6 milliliters.’

Group 3. One ml. of amyl nitrate. Four doses were
applied,the total dose of amyl nitrate per day being four
milliliters.s

Group L. Control animals, as indicated?d
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None of the animals in the foregding groups exhi-
bited any gross signs of systemic illness; nor did their
organs display any pathology attributable to the experimental
material. ﬁoweger, some retardation of growth, in varying
degree, was sustained by certain groups of test animals,
Figure #12 (10).

AThe‘animals subjected to contact with the diesel
fuel containing 0.5 per cent of amyl nitrate lost weight
during the first week and gained slowly thereafter. The
average gain was 200 grams per rabbit over the total period
of sixty days. These animals sustained moderately severe in=-
jury of the skin, characterized by extreme erythema, moderate
edema, lichenification and induration. Subsequently, fissures
and marginal hemorrhages developed in the affected area.
Figure # 13, W-6141 (10). Microscopically, the skin showed
papilloﬁatous hyperpiasia, acanthosis, hyperkeratosis and
chronic inflammation.

The animals subjected to contact with the model air-
plane fuel gained in weight, the average per rabbit being
520 grams over the total period. There was no grossly appar-
ent injury to the skin. Figure #13, W-6148 (10). Micro-
scopically, there was a minimum 6f chronic iﬁflammation,
slight hyperkeratosis and acanthosis.

Animals subjected to repeated applications of the
undiluted amyl nitrate showed an average gain of 760 grams

per rabbit during the total experimental period of sixty days.
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Grossly, the skin exhibited only mild lichenification with
some desquamation and occasional mild hyperemia. Figure #13,
W-6150 (10). Microscopically, there was some slight evidénce
of chroﬁic inflammation, slight hyperkeratosis and acanthosis,’

The control group, not subjected to the periods of
restraint, showed an average gain of 1130 grams per rabbit
during the sixty days of observation.

Five additional groups of animals were subjected to
applications of the experimental materials on each of seven
days, the residue being removed as before but onliy after two
hours had elapsed following the fourth application. The
groups and materials applied were:

Group l. Two ml. of catalytically cracked diesel fuel
containing two per cent of amyl nitrate, the four doses separa-
ted from each other by hourly intervals resulting in the total
daily dose of 0.16 ml. of amyl nitrate.

Group 2. Two ml.of straight run diesel fuel contain-
ing two per cent of amyl nitrate. Four doses were applied as
above, the totél daily dose being 0.16 ml. of amyl nitrate.

Group 3. Two ml. of catalytically cracked diesel
fuel without the additive.

Group 4. Two ml,of straight run diesel iuel with-
out the additive.

Group 5. Two ml. of refined mineral oil only.’

Five deaths occurred <améng the animals in the five

groups. Post mortem examination of these animals, and of

two others that were killed shortly after the last application
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on their skin, revealed difiuse degeneration of the liver
and degeneration and necrosis of the renal convaluted tub-
ules. These lesions occurred without regard to the material
applied, being found in the animals subjected to contact with
mineral oil alones

They were regarded as typical of the efiects produced
by chemical irritants, showing no resemblance to those produ-
ced by pathogenic organisms. The animals remaining in each
group were killed for examination on the sixty-fifth day after
that of their last contact, and their tissues were examined
microscopically. Their viscera were normal. The skin of all
of the rabbits which had been subjected to applications of
diesel iuels exhibited papilliomatous hyperplasia, acanthosis,
hyperkeratosis and chronic inilammation.

Few premonitory signs preceded the death of the
rabbit ekposed to mineral oil. Those subjected to contact to
diesel fuels, with or without the additive, dispiayed similar
sumptoms as: loss of appetite, loss of body weight, weakness,
slow and labored respirations, lowered body temperature and
terminal coma.

Injury to the local skin was produced by each of the
four tuels. The injury was of about the same degree of sever-
ity in all instances, but more severe than that induced by the
experimental procedures to which the first four groups had
been subjected.

Slight gains in weight were exhibited by the group

exposed to mineral oil, while ali the other groups sufiered
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some loss in weight during the period of the application.
Soon after the applications had been discontinued, the
animals had regained the lost weight. Figure # 14 (10).

The animals subjected to contact with ﬁhe cétalyt-
ically cracked diesel fuel containing two per cent ol amyl
nitrate developed an intense irritation of the skin in the
area of contact, and sustained losses in weight; and there-
fore, further applications were suspended aiter the seventh
day. Two of these animals became so weak and emaciated that
they were killed on the sixth day after the last period of
contact. The others regained the lost weight in about
eight weeks,

The animals subjected to contaect with straight run
diesel fuel containing two per cent of amyl nitrate display-
ed severe irritation oif the skin but smalier losses in weight
than these subjected to contact with the cracked diesel fuel.
One death occurred in this group. Following the termination
of applications, these animals grew at an accelerated rate,
so.that after four weeks their weight compared favorably
with the group subjected to contact with mineral oil.

Contact with the catalytically cracked diesel fuel,
without the additive, induced smaller losses in weight than
did the same fuel containing the amyl nitrate. One animal
of this group died on the ifourth day aiter that of the last
application. After about eight weeks of freedom ifrom the
experimental applications, the other animals of this group

had regained their weight to an extent comparable to those

in the group subjected to contact with mineral oil.
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The animals subjected to contact with the straight
run diesel fuel, without the additive, displayed weight
losses comparable to those induced by contact with the
same fuel containing the additive, but these animals re-
gained their lost weight less rapidly than did those
subjected to contaci. with the fuel containing the additive.’
One animal in this group died.

The group subjected to contact with the refined
mineral oil gained in weight at a somewhat retarded rate.
There was a single death in this group.

Four groups of rats were selected for further ob-
servations of this same type. Each group consisted of six
eight-week-old male rats.” On each of five days per week over
the period of twelve weeks, one-jalf milliliter &f an experi-
mental material was placed upon the fur and skin over the
scapular area of the back of each rat. The material was not
removed by washing. The groups and materials applied were:

Group l. Model airplane fuel containing twenty
per cent of amyl nitrate, the daily dose being O.,1 ml. of
amyl nitrate.

Group 2. Undiluted amyl] nitrate, in the daily
dose of 0.5 milliliter.

Group 3. Mineral o0il ontaining 25 per cent of
V/V amyl nitrate, the daily dose being 0.125 milliliter of
amyl nitrate.

Group 4. Mineral oil.
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These animals were so handled that other routes
of absorption were not excluded. Some of the gpaterial was
probably ingested, and inhalation of vapors of volatile
components, including the amyl nitrate, may well have
occurred to some extent. However, the' animals were housed
in wire mesh cages in a well ventilated room and the con-
centration of vapors cannot have been highy nor was such
exposure prolonged.

There were no fatalities among the animals, nor
did any of them exhibit signs of systemic illness, however,
thos® subjected to contact with the amyl nitrate in any of
the vehicles, failed to gain in weight at the control rate.
Figure #15. (10)

Zuckér (11) has represented the post-weaning Browth
curve of rats aé a straight line described by general«-equétion,
Y = K - bx, in which "Y" is the logarithm of the body weight
in grams, K" is a constant, "b"™ the slope of the growth
curve, and "x" the reciprocal of the age in weeks from birthd

Comparison of the curves of growth show that growth
was inhibited, generally to an extent which correlated with
the amount of amyd nitrate in the preparation applied upon
the skin. The model airplane fuel retarded growth slightly
more than mineral oil containing amyl nitrate but the differ-
ence was not statistically significant. Both of these curves
differed significantly from the curve for the animals sub-

jected to contact with mineral oil only (P<0.01).
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At the conclusion of the applications, the hemo-
globin content and formed elements in the peripheral blood
of the rats of the several groups were compared. The hemo-
globin values were similar in all four groups. The numbers
of erythrocytes were greater in those subjected to contact
with mineral and with mineral oil containing amyl nitrate
than in those subjected to contact with undiluted amyl
nitrate or with the model airplane fuel, but the lower
values were within the range of variability of groups of
apparently normal rats. On the other hand, relatively low
values with respect to erythrocytes went hand in hand with
increases in the numbers of eosinophilic leucocytes, the
two variables gaining somewhat in significance, perhaps,
from their assoriation. |

The average weights of the luhgs and spleens of the
animals subjected to contact with amyl nitrate were signifi-
cantly less than the average weights of the correspondiﬁg
organs of animals subjected to contact with only mineral oil,
after makigg thernecessary correction for differences in the
body weights of the respective groups.

No gross or micorscopic alterations were found in
the organs of these animals, there being no demonstrable
basis in pathology for the variations in the organ weights.
The skins of the animals showed only slight and inconstant

evidences of hyperkeratosis in the area of the applicationsi

In summary, rabbits andrats subjected to repeated
cutaneous contact with either undiluted amyl nitrate or a

model airplane fuel containing amyl nitrate showed some

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 28 -

jnhibition in growth. This inhibition of the growth of the
rats varied in degrees'according to the concentration of the
amyl nitrate in the material applied. Thelocal injury may
héve been a factor in influencing the rate of growth whether
through its direct effect or through its effect upon the
absorption of the materials applied. The potential absorp-
tion by the lungs can not be completely eliminated.

The toxic:effects of the percutaneous absorption of
both straight run and catalytically cracked diesel fuels
were clearly demonstrable, and these effects as induced by
contact of the skin with the catalytically cracked fuel
were enhanced by the addition of amyl nitrate to this fuel.

Although hyperkeratotic and acanthotic changes were
noted in the skin, these changes can not be attributed to
the presence of amyl nitrate in the materials applied.

The observed losses in the weight, and the retard-
ation in the rate of growth of these animals were not great,
nor is there any evidence that they correlated with or re=-
sulted from the degenerative changes in the organs of the

animals.

ORAL AND PARENTERAL ADMINISTRATION OF AMYL NITRATE (12)

Further investigations of the toxic charactéristics
of amyl nitrate were concerned with the effects of its oral
and parenteral administration to experimental animals. Al-
though little hazard would be expected ﬁo arise from any such

measures of absorption of the material in an industrial
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environment, the widespread use and availability of amyl
nitrate provides good reason for observing its effects
under a wide variety of conditions and especially after its
ingestion.

Three groups of albino rats were selected for
experimental use. These were made up of adult females,
three to four months of age, young females, approximately
six weeks of age, and young males approximately five weeks
of age. Each rat was given one of a series of doses of
undiluted amyl nitrate by means of an esophageal tube
passed into the stomach.

The approximate lethal dose for adult female and
young male rats was found to be 4.7 milliliters per kilo-
gram of body weight; however, young females were killed by
the smallest dose given (l.4 milligrams per kilogram of
body weight.) |

Initially, the animals exhibited an increase in
respiratory rate and volume with mild hyper-excitability.
The respiration gradually decreased in rate and volume, in
association with a gradual decrease in motor activity, and
finally failed completely. Coma, cyanosis and lowered body
temperature appeared terminally. Although, the animals
tended to survive longer and to lose more weight as the
dose was reduced to the minimum required to kill, there was
much individual variation with respect to length of survival
after the administration of a lethal dose. Sublethal doses

produced an initial weight loss, which progressed about one
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weeks, after which the initial weight was regained and
the normal rate of gain was resumed.

A group of male albino rabbits was selected and
subjected to graded doses of a special preparation of amyl
nitrate administered intravenously. This preparation was
an emulsion made by homogenizing ninety milliliters of a
one per cent solution of lecithin in physiological saline,
with ten milliliters of a twenty per cent solution (V/V)
of amyl nitrate in peanut oil (13). The emulsion was in-
jected into the marginal ear véin at the rate of two ml.
per minute. Dosages of 0,12 millileters of amyl nitrate
per kilogram were tolerated, but 0.18 milliliters per kilo-
gram precipitated death almost immediately after completion
of the injection.

Intravenous injection of the emulsion induced marked
and prompt increase in respiratory rate and volume, lachryma-
tion, transitory miosis and physical weakness. Lethal doses
induced tonic spasms and dyspnea. Within two to three hours
after the injection of sublethal doses, the animals appeared
to have recovered completely. No delayed effects were
observed during the subsequent three weeks of observatione.

Further details of the response of rabbits to the
intravenous administration of this emulsion were investigated.
Preliminary anesthesia was obtained by intraperitoneal injec-
tions of twenty milligrams of sodium barbital per kilogram
of body weight. After anesthesia had beeh produced, the

carotid artery and trachea were cannulated and connected to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 31 -

recording tambours. When doses of amyl nitrate as small

as 0.005 milligrams per kilogram were injected intravenously,
a marked increase in the respiratory rate and volume was
induced, accompanied by a sharp drop in the systolic blood
pressure. Occasional episodes of apnea occurred, followed
by gradual but incomplete recovery. The administration of

a further dose of this sizZe resulted in a diminished re-
sponse, but reactions equivalent to the first could be
elicited by increzsing the dose sufficiently. Injections

of multiple small doses induced respiratory changes without
a fall in blood pressure. Lethal doses produced respiratory
and circulatory failure.

Adult female rats, three to four months of age,
were subjected to intraperitoneal injecdtions df undiluted
amyl nitrate. The lethal dose of amyl nitrate for those
animals was approximately 3.2 milliliters per kilogram of
body weight.

The fatally poisoned anipals exhibited the initial
increase in respiratory rate and volume and a subsequent
decrease until respiration ceased; motor activity followed
a similar pattern. Sublethal doses gave rise to weight
loss during the first week, after which the normal pattern

of growth was resumed.

CONTAMINATION OF THE ATMOSPHERE WITH AMYL NITRATE UNDER
CERTAIN PRACTICAL CONDITIONS (14,15)

An experiment waé conducted to determine the extent

of the vaporization and dissemination of amyl nitrate under
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a given set of conditions within a closed room. A jar,
five and one-half inches in diameter, containing a one
and one-half inch layer of amyl nitrate, was placed in
the still atmosphere of a sealed chamber one-hundred cubic
foot in capacity. Air samples were obtained from the cham-
ber at the intervals indicated below and analyzed quantitatively
for amyl nitrate; the volume of each sample was equivalent to
one per cent of the volume of the chamber, and air was per-
mitted to flow into the chamber from the room to replace that
removed as a sample. The relative volumes of air involved
in the interchanges, when balanced against the periods of
time intervening between successive sagples, was believed
to be too small to give rise to a practicably significant
variable.

The vapor pressure of amyl nitrate, at 82° F.
(27.8° C.), is 4.2 millimeters of mercury; the concentration
ét saturation would approximate thirty milligrams per liter
(5600 ppm). The analytical results obtained on samples
ﬁaken at the specified intervals over a period during which
the temperature of the chamber ranged from 80° to 86° F.
were as follows; at the end of one hour, 0.18 milligrams
per liter (33 ppm); at the end of seven hours, O.46 milli-
grams per iiter (85 ppm); at the end of thirty hours, 1l.50
milligrams per liter (281 ppm); at the end of ninety-five
hours, 2.70 milligramé per liter (525 ppm). It is evident

that the rate of evaporation was slow under these conditions.
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Conditions associated with the actual handling of
the compound (15) were investigated by sampling and analyz-
ing the atmosbhere of a partially underground tank of 27,500
barrel capacity in which diesel fuel containing 0.25 per cent
of amyl nitrate (16) was stored. The height of the tank was
twenty-one feet,.two and one-quarter inches; of which, ten
feet were above ground. The contents of the tank were re-
moved, except for seven inches of oil and three inches of
underlying water. The vacuum created during the emptying
had been released by opening the manhole over the pump pits
The tank had not been steamed or aerated. Samples of the
atmosphere within the tank were collected, through each of
the several man-holes, by means of a twelve foot length of
rubber hose connected to a midget impinger containing alcohol
and equipped with a scrubber. The results of the analyses
of fifteen liter samples ranged from 0.12 to 0.19 milligrams
per liter (22 to 36 ppm).

Obéervations were made to test the usefulness of the
canister-type appfoved organic vapor respirator (MSA Type
0-MA, containing charcoal) in protecting men in én atmosphere
contaminated with significant concentrations of amyl nitrates

A stream of air containing amyl nitrate in the concentration

of approximately 600 ppm (3.2 milligrams per liter) was passed

through the canister at the rate of ten liters per minute for
four hours. The efficiency of the canister in the removal of
amyl nitrate from the air stream was better than 99.9 per

cent (14).
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With one exception, indicated below, amyl nitrate
vapor in air was determined by the same technique employed
for the analysis of air to which animals were exposed.
This technique was based upon the absorption of ultra-
violet radiations, as measured by the Beckman Spectro-

photometer,

The samples obtained (in alcohol) from the tank
of diesel fuel were subjected.to a preliminary hydrolysis
of the organic nitrate to the sodium salt, after which
the total nitrogen in the alcohol was determined by a
modified Kjeldahl method (17). Subsequent calculations
were made to express the éuantities of amyl nitrate in
milligrams per liter of air or in parts per million,

within the tank.
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Section II

THE COMPONENT RADICALS OF AMYR NITRATE
PHARMACOLOGICAL ACTION AND
PHYSIOLOGICAL RESPONSE
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THE COMPONENT PARTS OF AMYL NITRATE

In an orderly classification of the observed
experimental reamults, the action of amyl nitrate may be
expressed in terms of its pharmacological action and its
physiological manifestations. Some correlation of the
activities of the entire molecule with the specific activ-
ities of its component parts is desirable, if possible.
Fom such correlation, the properties peculia to amyl
nitrate may better be understood.

Marshall (18) néted, in the experimental poison-
ing of rabbits wifh methyl nitrate, such signs of nitrate
assimilation as, increase in heart rate, dyspnea, methemo-
globin formation, and subnormad body temperature. The
characteristic signs of methyl alcohol poisoning were un-
steadiness, chewing, running movements, and unconsciousness.
He further observed that the toxicity of the aliphatic
nitrate series increased from the methyl homologue to the
amyl homologue. Since immediate convulsive ﬁovements were
common throughout the homologous series, he attributed them
to the nitrate portion of the molecules

The increasing toxiecity in this homologous series
of compounds is similar to the increzse of toxicity in other
homologous series as aliphatic alcohols, aliphatic nitvo-
paraffins, and aliphatic esters.’

Signs of ugsteadiness, chewing, running movements,
and unconsciousness are among the common effects induced by

the aliphatic alcoholsy
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Ethyl nitrate is said to be capable of inducing
signs of headache, narcosis, vomiting and decrease in blood
pressure (19c, 19d).

Von Oettingen (19) states that the acute toxicity
of the aliphatic nitroﬁs and nitric acid esters is due
mainly to their vasodilator actioh and to methemoglobin
formation. Among the nitrous acid esters, it has been
found that the higher homologuew are more readily decomposed
by hydrolysis than are the lower homologues (19a).

Consideration must be given to the aﬁyl radical of
amyl nitrate and to its metabolism within the Body whereby
amyl alcohol, valeraldehyde and valeric acid are formed.
Secondary alcohols may form ketones (20). The amyli portion
is partly oxidized and partly eliminéted by way of the lungs
(21). The metabolism of the nitrate may give rise to the
formation of the oxides of nitrogen and the associated acids,
as well as the nitrite.

The nitrite ion causes a relaxation of smooth
musele (22, 23, 24), which is more evident when the prior
tonus of the muscle is increased (spasm). This action occurs
after the administration of pilocérpine, a fact which suggests
that the action on the muscle is direct. Amyl nitrite and
sodium nitrite have essentially the same capacity for induc-
ing this relaxation; however, amyl acetate induces no change
in muscle tone. This fact suggests that the amyl ion is in-

effectual in bringing about relaxation of smooth muscle (25).
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Finally, amyl nitrate is able to bring about the
formation of methemoglobin, and it also gives rise to the
formation of Heinz bodies within the erythrocytes, The
significance of these facts must be considered in their
relationship to the signs observed in the experimental
animals. |

Amyl alcohol, known as fusel oil, is the most
toxic of the commonly used alcohols (26). It foliows
Richardson's Law: "The toxicity of ﬁheaalcéhols belong=-
ing to the.fatty acid series increases in proportion to
the molecular structure® (27, 28, 29, 30). Methy2 alcohol
appears to be an exceptioﬁ to this generalization.

Munch and Schwartz (27) give the relative toxieity
of isoamyl alcohol, as compéred to ethyl alcohol (a value

of one), as:

6.8 to 7.3 =-- orally, rabbits

6.2 to 9.7 =-- subcutaneously, dogs
19.8 to 38.2 -~ intravenously, rabbits
35,9 to ==-- =-- intravenously, cat

9.9 to ==~ == intravenously, dog.

Further investigations of isoamyl alcohol showed it to be
less toxic than the straight chain alcohol (n-amyl alcohol).
These investigations also found that the nafcotic action of
the alcohols increased to a greater extent than did their
toxicity (as indicated by lethal consequences), with in-
crease in'molecular weight. They also demonstrated that
the primary amyl alcohols were less narcotic than the sec-

ondary or tertiary alcohols (27,29);'
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Exposures to the isomers of amyl alcohol have
resulted in irritation of the mucous membranes, head-
aches, vertigo, nausea and vomiting (30 - 35). Central
nervous system symptoms of vertigo, aiplopia, deafness
and delirium have been described in conneftion with fatal
poisoning (26,36, 37). Death has been attributed to re-
spiratory failure of central origin (20, 26) and to pulmonary
edema with cardiac insufficiency (38).

Some authors (30) characterize amyl alcohol intoxi-
cation by the appearahce of ooma, glycosuria, and on occasion,
methemoglobinemia., Others concur, that methemoglobin occurs
occasionally in this intoxication (39), they further describe
the presence of metabolic products‘in conjugation with glyc-
uronic acid in the urine (20a, 39).

The irritant actién of amyl alcéohol has been con-
firmed repeatedly (34,35,36). Following one period of
exposure to the vaﬁors of isoamyl alcohol, Nelson and others
(34) found objecdtionable subjective phenomena at 200 ppm,
irritation in the throat at 100 ppm, and ocular and nasal
membrane irritation at 150 ppm. The possibility of the
development of tolerance or of hypersensitivity was not
investigated.

Study of the metabolism of amyl alcohol has shown
that a small amount is excreted in conjugation with the
glycuronic acid. Quantities of amyl alcohol ranging from

a trace up to ten per cent of that administered have been
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found in the urine and expired air (20a). Tke amounts
eliminated reflected the height and-duration of the blood
level attained (20). There is a species variation in rates
of elimination k36).

Haggard; Miller and Greenberg (20) administered
one gram of the isomers of amyl alcohoi per kilogram of

body weight to rats intraperitoneally. Effective absorption

- 39 -

was demonstrated &nd the following information was obtained:

e

Amyl Alcohol Concentration in blood Disappearance
after one hour , in from blecod in
mg. per 100 grams hours
Primary . - 55 3¢5 =9
Secondary 51 - 65 13.0 - 16
Tertiary 123 50 +

As the coefficient of distribution between blood and air
is similar for the isomers, the varying rates of elimin-
ation must be attributed to differences in the rates or
mechanisms of the metabolic processes in which these iso-
mers are involved.

The slow elimination of the tertiary alcohol is
due to the slowness of the oxidation of the molecule. The
prolonged period of elimination of the secondary alcohol is
due to the formation of ketone in the body and to the slow
oxidation of ketoness

The primary alcohols are oxidized to aldekydes and
acids. Valeraldehyde has not been found in the blood after
the administration of alcohol, and only small transitory

amounts are demonstrable following the administration of
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aldehyde itself. After the alcohol has disappeared from
the blood, a persistent sedative effect has been noted.
This effect is also obtained when valeric acid is admin-
istered. This sedative effect occurs only when the primary
alcohol is given, and the valeric acid is formed only from
the primary alcohol. (20)

The primary aﬁyl alcohols are converted to the
aldehyde in the liver; this conversion is inhibited in
the partially hepatectomized animal (20). Further evidence
of the importance of liver function in this process is the
demonstration of conjugated glycuronic acid in the urine of
rabbits, following the oral administration of the primary
alcohol (20). Injury to the liver of the rabbit has been
describea following the oral administration of this alcohol
repeatedly over periods of time (36).

The maximum allowable coﬁcentration of the vapor of
amyl alcohol in the gtmosphere to which workmen are exposed
has not been agreed upon. Values ranging from 0.20 milli-
grams per liter (50-56 ppm) (34a) to l.4k milligrams per
liter (400 ppm) t32) have been recommended.

' Amyl aceﬁate is also a primary irritant to the skin
and mucous membranes (36). It, too, is more toxic than its
lower homologues (26); but its hydrolysis gives rise to
non-toxic salts (éé, 40).

The expoéure of cats to the vapors of amyl acetate

in the concentration of twenty-four milligrams per liter
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(4500 ppm) over the period of thirty minutes resulted in
ﬁarcosis. Guinea pigs died affter five hours of exposure
to about fifty-six milligrams per liter (10,500 ppm),
while rabbits recovered. Both species of animals displayed
lachrymation, salivation, convulsions with ataxia and
motor paralysis. The animals suffered transient losses in
weight (37a) and developed albuminuria after six periods of
exposuré of eight hours each, to the concentration of ten
milligrams per liter (1900 ppm) (26b). The pathological
changes described weré those of iow grade inflammation in
the respiratory tract, fatty changes in the liver, and
parenchymatous degeneration of the kidneys (26, 41).
Similar signs and pathological changes have.been described
in association with exposure to secondary amyl acetate
vapors, and all of them have been found to be reversible (42).
One human death is reported (41), following expos;
ure to a high concentration of amyl écetate. Death was
attributed to edema of the glottis. Post-mortem examination
revealed diffuse irritation of the respiratory and gastro-
intestinal tracts. Workers exposed to non-lethal concentrations
complained of "dopiness" (drowsiness), vertigo, tinnitus,
dry cough, chest pain or Gightness, irritation of the throat,
tachycardia, nausea and gastric irritation (26, 37, 41).
Prolonged exposure has been associated with'headache, weight
loss, ahd mild persistent irritation of the mucous membrane;
possibly corneal irritation and the loss of the 6lfactory

function may occur (26). Urobilinuria has been reported (268).
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These signs and symptoms are consistent with the
observations of mucosal irritation, narcosis and hepatic
damage. The maximum allowable concentration of 4OO ppm
has been suggested (45).

Briefly, am&l alcohol is six to forty times as
toxic as ethyl alcohol, depending upon species of anigal
involved, the route of administration, and its isomeric
composition. Intoxication is characterized by central
nervous depression, glycosuria and, occasionally, methemo-
globinemia., Exposure to the vapors gives rise to irritation
of the mucous membranes. The primary alcohol is destroyed
by oxidation to the aldehyde and acid in the liver. The
persistent narcotic effect is attributed to valeric acid.’

Amyl acetate is a primary irritant, which is also
capable of inducing narcosis. Sublethal exposure to high
concentrations results in reversible degenerative changes
in both the liver and kidneys.

Consideration must be given to the oxides of nitro-
gen which may be produced in the oxidation of amyl nitrate.
Tn this instance nitrous oxide (Nz0) is relatively unimport-
ant, since its action as an asphyxiant, occurs only when its
concentration is so high as to lower the uptake of oxygen in
the pulmonary circuit. The formation, in vivo, of nitric
oxide (NO) may give rise to methemoglobinemia. Nitric oxide
also aétg upon.reduced hemoglobin to produce nitrosohemoglobin,

thereby reducing the oxygen carrying capacity of the blood (Lh) e
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The oxides of nitrogen have two principle physio-
logical effects; the non-specific irritant and corrosive
effect and the specific drug action of the nitrite. The
relative importance of the nitrogen dioxide or nitrite.
effects varies with the duration of the exposure and the
concentration of the oxides in the air inhaled. Whereas
pulmonary irritation is the dominant factor in situations
involving brief periods of exposure to high concentrations,
the nitrite effect must be considered in relation to pro-
tonged exposure to lower concentrations (45). The maximum
allowable concentration of nitrogen dioxide for proclonged
occupational exposure, as promulgated by the American
Standards Association is twenty-five parts per million,

Although there is not ® mplete agreement as to
the occurrence and extent of the reduction of nitrate to
nitrite in the animal organism (46), the potentialities of
this metabolic process must be éonsidered. Whitemore (L47)
suggests that the intermolecular hydrelysis of nitrateé

occurs as follows: R - CHRONOp, —>R ¥ Cfiz + HNOy .

Marshall (18) and Rath and Krantz (48) question the nitrite
action of'the nitrates, since the depressor effects of
nitrate are in excess of the amounts of nitrite rewoverable
from the blood. It has been suggested that the organic
nitrates diffuse more readily than nitrites and are changed

to nitrite within the cells (49). Animal tissues contain
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enzyme systems capable of reducing nitrate to nitrite (48a).
Bernheim and Dixon {50) showed that the liver is the main
site of this reduction, but that some reduction occurs in
muscle tissue.

Forty to sixty per cent of ingested nitrate is
destroyed within the body (51), most of the remainder being
excreted as nitrate (52a).< Ingested nitrites are destroyed
somewhat more readil& (60to 70 per cent) within the body,
the smaller residue being excreted in the urine (52).

Organic nitrates, of the composition R ‘.O * NOp,
dilate the blood vessels and react, to dome extent, with
the hemoglobin of the blood. The latter action is highly
variable and appears to be related to the solubility of
the compound, and to its chemical stability (53), and to
such external factors as the pH of the mediuﬁ and the
temperature (18). The formation of methemoglobin by the
organic nitrétes is attributed to this hydrolysis and the
subsequent reduction of the nitrate to nitrite (54).

| The degree and duration of the response; in vivo,
to the organic nitrates are related to their vapor pressures
and to their solubility coeificients in o0il and water. The
administration, by inhalation, of the nitrites of high
modecular weight which, also are characterized by high
vapor pressures, demonstrates the transitory quality and
the greater depressant action of these compounds (56), as

compared with those which have relatively low vapor pressures.
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Krantz and others (55) demonstrated the relationship between
octyl and amyl nitfites, which have, respectively, low and
high vapor pressures.. Compounds of relatively high vapor
pressure are the more potent methemoglobin formers. Among
the higher homologues, the branched chain molecules have
the higher vapor pressures (56).

A high oil-to-water coefficient of solubility in-
creases the duration of the depressant effect (4,6,54,55,56).
By leaving the blood and entering the tissues,‘the action
is extended. Under these conditions there is also less
oxidation of hemoglobin to methemoglobin (55).

Generally, the compounds oi the higher molecular
weight (56) and those more refractory to hydrolysis (54)
have thé more prolonged depressant effect. The inflﬁence
of these gqualities is modified by the factors of solubility
and yolatility.

The administration of nitrite induces throbbing
headache, some increase in the heart rate and usually a
sharp décrease in the blood pressure (57). The use of
alcohol by workers who absorb nitrogl&cerine induces
flushing of the face, nausea, vomiting, increase in respira-
tory rate, loss in weight, polyuria and maniacal
disturbances (37,58,59).

The administration of lethal or barely sublethal
doses of sodium nitrite (dosage of wighty to ninety milli-

grams per kilogram of body weight) intravenously to rabbits
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produced asphyxia. Initially, these animals had respira-
tory stimwlation, then tonic convulsions which progressed
to clonic, and they died of respiratory fallure. When the

dosage was of a slowly lethal magnitude, they exhibited an

- 4O -

ascending paralysis with a secondary slowing of both respira-

tory and cardiac rates. Death was attributed to asphyxia
from wither circulatory failure or methemoglobin formation
(60). The pathological findings in animals poisoned by
éodium nitrite were limited essentially to hyperemia of
the tissues, and varying amounts of methemoglobineﬁia (30).

Von Oettingen (19) describes an increase in .
respi;atory rate, folléwing the inhalation of amyl nitrate,
Meduilary stimulation produces this increase, the stimulus
being the deficiency in the blood supply, or the reduced
oxygen carrying capacity of the blood as the result of
methemoglobinemia, When the anoxia is severe enough,
respiratory depression occurs. High concentrations, when
inhaled, may produce reflex changes from the upper respira-
tory tract.

The basic action of the nitrite ion within the body
is the redaxation of smooth muscle, especially that of the
smallier blood vessels. This action is independent of the
innervation. The action oi the smooth muscles is not par-
alyzing, since muscular stimulants and nerve constrictor
impulses can exert their maximum effect, even though the

tone of the muscle is reduced.
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The drugs which liberate nitrite ions readily may
produce marked cutaneous vasodilatation; however, foliowing
the use of slower reacting drugs, the cutaneous capillaries
and venules do not display this tendency (61). Dilatation
of the smaller meningeal vessels has been.noted through
intracranial windows and is the basis for the increase in
intracranial pressure which accounts for the transitory
pulsating headache. A similar action on the retinal
vessels has been observed (62).

There is no direct.action of the nitrite ion on the
myocardium, the stroke volume may be diminished because of
poor venous return from the post-arteriolar pool. The
associated increase in heart rate maintains the cardiac
output. The constancy of the diastolic pressure is a
manifestation of continued peripheral arteriolar resist-
ance, indicating little nitrite eifect on these structures
(61, 63).
| There is also a loss in venous tone as manifested
by an increase in the volume oi the hand, and by suscep-
tibility to syncope with change in position, after the
administration of nitrite (6L4). A rapid falli in venous
pressure is associated with circulatory colliapse, which
occurs when the blood flow is twenty to forty per cent of
normali (63).

- 'Following the fall in blood pressure, there is a

vaso-constrictor response mediated through the carotid and
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aortic sinuses (63) or by a secondary central stimulation
due to anoxia (65). These reflexes proauce an increase

in arteriolar tonus, a response similar to that induced

by epinephrine (64). Medullary ischemia per se may elicit
both sympathetié and parasympathetic responses (63). The
bradycardial response, preceding syncope, is of'this char-
acter, as is shown by the iact that atropine abolishes this
vagal response but does not inhibit the syncope. Pupillary
dilatation is of the same pattern; although, there is
species and individual variation in the dominant response.

The carotid sinus chemo-receptors are sensitive to
the nitrite ion, and through this reflex mechanism a sym-
patho-aareﬂal discharge iay produce a tachydardia and an
increase in blood pressures The latter soon drops because
of the peripheral action. Injection of sodium nitrite into
the carotid artery below the carotid sinus produces brady-
cardia and hyperpnea; this does not occur if the chemoreceptor
area is denervated (2la).

A full pulsé is also characteristic of nitrite ion
action; this is independent\gfixasé-depression effect, and
is apparently relatedﬂpp the reiaxation of the smooth
musculLature of the lérge arteries.

Electrocardiographic changes, mainly an increase
amplitude of the "t" wave of the chest leads, indicate the
absence of myoczrdial anoxia and depression during extreme

circulatory colliapse after the administration of large doses
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of nitrite ion (66). The coronary circulation appears to
remain adequate; However, heart biock has been reported (67).

Ordinary therapeutic doses of nitrite afiect no .
change in the body temperature. There is no significant
change in the basic metabolic rate; nor is a correlation
observe& between changes in renal clearance and blood
pressure, toliowing the administration of nitrites (61).

Nitrite syncope is the manifestation of peripheral
circulatory failure due to the pooling of blood in the
post-arteriolar vescular beds. Under these conditions,
reflex constriction of the arterioles may contribute to
the maintenance or the circulation.  The post-arteriolar
pooling reduces ithe venous return to the heart, thereby
causing a ifall in the systolic bressure, and a lowering of
the pulse pressure. The essential cause of syncope in this
instance, is therefore, a decrease in the effective blood
volume. (63)

There is the danger of tissue anoxia, when the
volume of the blood is inadequate. In the central nervous
System this may be manifested by convulsions. Gross de-
creases in blood flow may result in damage to such organs
as the kidneys and the liver, if the inadequacy persists
for a prolonged period of time (66).

There may also be a relétive pressure increase in
the pulmonary artery and the left auricle, which may lead

to pulmohary stasis and edema. (19)
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Tolerance for doses of nitrite sufficient to
induce headache is developed in about three days, and
thereafter, the dosage can be maintained or increased
without difficulty; the tolerance is not due to decreas-
ed absorption, since a sufficient increase in the dosage
will elicit:ithe typical response (59,68,69). An interval
of freedom from the administratioﬁ of nitrite will re-estab-
lish thevoriginal susceptibidity(37). There is evidence of
cross-tolerance among members of.the nitrite group of com-
pounds (69, 70). The cross-tolerance acquired through the
use of 6il soluble nitrites appear to be limited (46);
these cogipounds are less rapidly hydrblyzed and they Pro=
duce a more effective tolerance to the specific compound
(69)s Tolerance, as expressed by the disappearance of
ﬁeadache, is achieved more readily than that indicated
by reduction of smooth muscle relaxation (69).

The mechanism of nitrite toleeancé is not known.
Histamine has a similar pharmacological action, but is
unrelated chemically, and there is no evidence of cross-
tolerance. The phenomenon of locél tolerance is also
absent (69).

.The source of the nitrite effect associated with
the absorption of amyl nitrate must be considered. It
may be the result of an hydrolysis or the nitrate may be
subject to an intracellular reduction. About fifty per

cent of nitrate administered may be available for this
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reduction. Amyl nitrate is a member of the effeective
nitrate group (R * O « NO,), producing the nitrite

effect and methemoglobinemia. Low water solubility

and high oil sodubility increases the duration of the
nitrite effect, but reduced the formation of methemoglobin.

The basic action of nitrite (asidé,from its ability
to form methemoglobin) is relaxation'ofvsmooth muscles.
Physiologicélly, this produces post-arteriolar pooling of
blood and a deficiency in the effective blood volume with
secondary anoxia of the organ systems.

Methemoglobin formation by both ﬁhe nitrate and
amyl radicals must be evaluated. However, methemoglobin
formation by the amyl radical is less probable than methemo-
globin formation by the nitrate.

Hemoglobin can be oxidized by a number of drugs
and toxic agents to form methemoglobin - a product which
contains the same amount of oxygen as oxyhemoglobin, but
does not release its oxygen when the pressure is reduced
(71). Gamges (71la) in 1868, pointed out that amyl nitrite
caused methemoBlobin to be formed in blood.

Methemoglobinemia may be classified, either as the
plasma or the cellular type (72). The methemoglobin, in the
plasma type, is formed after'liberation of the hemoglobin
from the erythrocyte following hemolysis. It occurs,
occasionally in eclampsia, in paroxysmal hemoglobiguria,

and in anaerobic sepsis. In cellular methemoglobinemia the
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hemoglobin remains withi n the erythrocyte. Methemoglobinemia
may be classifies further as enterogenous, in which nitrite
is produced in the alimentary tract in a sufficiently alkaline
environment, by bacteria capable of reducing nitrates to
nitrites (73). Following this reduction, there must be
sufficient absorption through a damaged intestinal mucosa (74).
Nitrites produce the cellular type of methemoglobeh—
emia. This type may also be produced by bacteria capable of
axidizing kemoglobin to methemoglobin under conditions of
decreased oxygen tension (75); this is referred to as autox-
jidation (76). However, h&poxemia does not affect methemoglobin
formation from nitrite (77). GCellular methemoglobinemia due
to chemicals is the resﬁlt of the direct action of oxidants
or of the action of hydrogen donors in the presence of oxygen.
Methemoglobin has been found in the normal blood of
man and of experimental animals. Heubner (77a) found the
following percentages of methemoglobin in fhe total blood
pigment of the following species of animals; man - O.7 per
cent, cat - l.1 per eent, rat - 0.8 per cent, rabbit - less
than 0.2 per cent, guinea pig - less than 0.2 per cent. Paul
and Kemp (78) in one hundred unselected humans, found that
the metheﬁoglobin ranged from 0.01 to 0.5 grams per one
hundred grams of hemoglobin, the mean value being 0.09 gram.
Tn this series, there was no correlation between the hemo-
globin and the methemoglobin. The demonstration of the

presence of methemoglobin in normal blood suggests that
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there is a reversible equilibrium between methemoglobin
and hemoglobin, which usually favors hemoglobin very
greatly. This equilibrium is regulated by various oxidiz-
ing and reducing substances which are controlled by the
glycolytic enzyme systems of the intact erythrocyte (75).
The control mechanism appears to be inhibited under éondi-
tions of lowered body temperature (79). Under usual
circumstances the equilibrium takeé long periods to become
established (76).

Asidé from the intravenous administration of toxic
agents (80j, experimental work has shown that the maximum
conversion of hemoglobin to methemoglobin is approximately
seventy-five per cent (8l). At this level equilibrium is
reached between metheméglobin formation and reconversion
to hemojglobin.

The degree of methemoglobinemia resulting from a
toxic chemical is dependent upon a number of factors: the
mode of administration, bacterial conversion, rate of absorp-
tion, pattern of metabolism, rate of excretion, and

methemoglobin reducing mechanisms of the organism which vary

with age and species (76). Themethemoglobin reducing mechanisms

are also dependent upén the concentration of methemoglobin,
the concentration of the toxic substance, and the BH of the
blood (76a). Under thes@ circumstances, equilibrium mmy be
reache& before the methemoglobin, so formed, reaches a signi-

ficantly harmful concentration. It has been observed that
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the concentration of methemoglobin increases with increas-
ing dosage of a compound, but a point in the conversion is
reached beyond which large doses of the drug produce no
further significant increases in the methemoglobin. (76d)

The variation in the behavior of species and‘the
appearance of delayed methemoglobinemia are attributed to
the variations in the metabolism of the offending agent,
whereby the resultant intermediate compounds in various
species have different capacities for oxidizing hemoglobin,
or inhibiting the reduction of methemoglobin (81, 82). 1In
addition to the metabolic factors, the permeaﬁility of the
erythrocyte to methemoglobin-forming substances is of im-
portance (84). These factors explain the differences in
the rates.of conversion of hemoglobin to methemoglobin by
the same drug in various species, as well as the variations
in the rates of reduction of methemoglobin.

In considering species variation, the herbivores
are exceedingly resistent to methemoglobinemia (85). Among
carnivores, the order of sensitivity to methemoglobin forma-
tion is such that man is about half as sensitive as the cat,
which is one of the most sensitive of the animals (82).

The oxidizing action of nitrite on hemogloﬁin pro-
duces methemoglobin, nitrosohemoglobin and nitroso-methemoglobin
(86). The nitroso-methemoglobin is unstable and reverts to
ﬁethemoglobin (76). The formation of nitroso-methemoglobin

by the organic nitrates in the absence of a reducing agent

is disputed (18, L4).
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There is little agreement among investigators as
to the ratio of nitrite administered to the quantity of
methemoglobin formed (754, 86). The rate, not the final
extent of the formatién of methemoglobin is dependent upon
a number of factors. The maximum conversion occurs when there
is excess of nitrite; however, before this maximum is attained
the factors which tend to reverse the reaction are in action.
In vitro, experiments have shown that 6ne molecule of nitrate
reacts with two molecules of hemoglobin to form two molecules
of methemoglobin. Greenberg (87) suggests the action is:

HNO, + 2HbO, —3 HNO; + Hb0 + Og.

It has been demonstrated that the effects of tissue
anoxia due to the simultaneous action of multiple methemo-
globin forming drugs (76) and to other types of hemoglobin
immobilization, such as carbon monoxide are additive (86).

The formation of methemoglobin subjects the tissues
to anoxia in two ways: first, through some lowergng of the
capacity of the blood to take up fresh oxygen because of
the reduction in the effective hemoglobin; and second, the
decreased capacity of the blood to give mp oxygen to the
tissues. It is postulated that there are intermediate com-
pounds between hemoglobin and methemoglobin. As an inter-
mediate step in the formation of methemoglobin, one or more
of the four ferrous atoms in the hemoglobin molecule are con-
verted to ferric. The presence of ferric atoms increases the

affinity of the remaining ferrous atoms for oxygen. This
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thesis explains the leftward shift oi the oxyhemoglobin
dissociation curve observed in severe methemoglobinemia;
a manifestation of the reduced ability for the residual
oxyhemoglobin\to dissociate (86).

From experimental obéervztions on the oxygen tension
of arterial blood containing methemoglobin, it appears that
the unconverted hemoglobin continues as an oxygen carrier.
Although the available oxygen in the arterial blood is de-
creases, the arterial oxygen tension is not sufficiently
disturbed to initiate compensatory responses in the respira-
tory center. Effective respiratory stimulation is initiated
through the carotid and aortic bodies; these organs are
stimulated by a dimihished arterial oxygen tension. Methemo-~
globinemia per se produces anoxia of the respiratory centers,
which acts as a respiratory depressant (88). A decrease in
the oxygen tension does not change the fate at which nitrite
induces the formation of methemoglobin (77), although it is
known to alter the rates at which certain other drugs affect
this conversion.

Methemoglobinemia produces a definite increase in
circulatory function, when that function is not overtaxed,
as manifested by an increase in heart rate and cardiac out-
put. These efifects are probably related to tissue anoxia
from a decrease in venous oxygen tension (88)4 Cardiac
disturbances have also been described as fhe result of

myocardial anoxia. The cardiac signs increase in severity
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with increases in the content of methemoglobin in the
blood.

It has been calculated (76), that when eighty-
five to ninety per cent of the hemoglobin has begn converted
to methemoglobin, complete dissociatién of the remaining
oxyhemoglobin would occur if' the venous oxygen tension was
zero. Complete dissociation at this level would deliver an
insufficient amount of oxygen to ﬁhe organism. A sufficient
jncrease in the partial pressure of oxygen in the atmosphere
will permit an animal to survive despite the conversion of n
ninety per cent of his hemoglobin to methemoglobin (60).
The susceptibility of the-central nervous system to.oxygen
deficiency is such that definite signé of hypoxia appear
when sixty per cent of the hemoglobin is in the form of
methemoglobin (76, 89), and conversion to the extent of
seventy per ceﬁt may, perhaps, be lethal (90). The signs
of cerebral hypoxia are ataxia, unconscioﬁsness and pros-
tration.

Concentrations of methemoglobinemia near fifty
per cent cause an increase in pulse rate (80). The cardiac
output increases in response to concentraﬁions approximately
forty per cent (16). At these levels the increase in heart
rate and in caraiac output maintains tissue oxygenation. At
levels below forty per cent, oxygen is supplied under the
conditions which characterize the lower half of the oxygen

dissociation curve (88). At the forty per cent level,
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methemoglobinemia is not, in itself, a threat to survival (90),
although, headaches, dizziness and exertional dyspnea appeér
when methemoglobinemia approaches this level (91). These.
signs and symptoms are relieved by increasing'the partial
pressure of oxygen in the respired air,

When less than thirty per cent of the hemoglobin is
converted to methemoglobin the patient may be symptomless
(90) or he amy display an euphoria. However, he will be
markedly cyanotic. Thecyanosis is usually recognizable when
the methemoglobin concentration is as low as ten to fifteen
per cent. In acute poisoning, the severity of the clinical
picture is proportional to the concentration of methemoglobin
(81 85).
| Frequently, during a period of intoxication associ=-
ated with methemoglobin, it has been observed that there is
a rise in the absolute numbers of erythroecytes and in the
hemoglobin content of the peripheral blood; however, these
values return to previous control levels within twenty-four
hours after the disappearance of the methemoglobin. This
secondary polycythemia is a commom response in a number of
conditions which reduce the available oxygen in the blood.
Its precise mechanism is not fully understood. An adequate
incpease in the numbers of erythrocytes may inhibit the left-
ward shift of the oxygen dissociation curve. There does not
appear to be substantial evidence that methemoglobin formation

in itself is associated with hemolytic anemia. (16)
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- The association of methemoglobin formation with

the appearance of Heinz bodies is inconstanti The admini-
stration of ethyl nitrite does not produce Heinz bodies
whereaw, the nitrate does (19b). Amyl nitrite has not been
found capable of producing.these bodies in erythrocytes (19),
whereas, the experiments described previously herein havé
demonstrated the effectiveness of amyl nitrate in this
regard.

Heinz bodies are multiple, round, refractile inclu-
sions within the erythrocytes. These inclusion bodies usually
appear in response to the absorption oi materialsthat pro-
duce methemoglobinemia. However, the Heinz bodies persist
after the methemoglobinemia has disappeared. Changes in the
fragility of the erythrecytes and decreases in the amount of
functional hemoglobin have not been observed,consistently, in
the presence of heinz bodies (92). (93)

The number of Heinz bédies formed appears to be a
function of the concentration of the agent whi&ch induces
the phenomenon. There is insufiicient evidence of a corre-
lation between the capacities of materials to produce Heinz
bodies and their chemicad structure. The difierences in
species metabolism and in the resultant intermediate com-
pounds, may explain the species variation in susceptibility
to Heinz body production. (93)

The balief that is'most widely held concerning the

origin and nature of Heinz bodies is that they are composed
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of denatured protein which separates out as discrete new
particles within the mature erythrocyte. On this thesis,
they are formed from the cell by its reaction with a toxic
agent or its intracellular metabolite; the reaction being
irreversible (9). As to the exact nature of these inclusion
bodies, aside.from their being a protein substance, there

is no agreement among investigators (94). Some (93, 95, 96)
believe that the appearance of Heinz.bodies is mérphological
evidence of the splitting of the porphorin ring in hemoplobin
to torm verdohemochronogey an early step in the degradation
to bilirubin, This change is catalyzed by methemoglobin (95).

Heinz bodies are found only in mature erythrocyteé
(95). Under some circumstances, they may be found in small
ﬁumbers in the bdood of normal subjects. Erythrocytes con-
taining Heinz bodies are thought to be removed by the spleen

" soon after these bodies are formeda (93, 94, 97). The bodies
are believed to be evidence of erythrocytic alteration, which
may be associated with hemolysis and anemia (9, 96).

Heinz bodies appear in the erythrocyﬁes during the
exposure of animals to a large number oi chemicals (98) of
which many belong to the aromatic nitro and amino séries.

The aliphatic nitro compounds and nitrates shown to induce
the formation of Heinz bodies are: 2-nitropropane, 2-2 dini-
tropropane, nitroglycoly and nitrogliycerine (9, 94). The
relative capacities or nitrates and nitrites.to produce

Heinz bodies are highly variable (97, 98).
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The experimental production of Heinz bodies demonstra-
tes such variable factors as species susceptibility, dosage,
route of acministration, and nature of the compound (9, 98).

Heinz bodies occur in the erythrocytes of maﬁ, in
association with the absorption ot a variety of chemical
compounds (9). However, little is known about the phenomenon
in man, excepting as it has been observed irom time to time
in connection with accidental exposure, or situations in-
volving unusual types and intensities oif exposure for short

periods of time.
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CRITIQUE AND DISCUSSION

Amyl nitrate, when vaporized and inhaled in
sufricient concentrations by the experimental animals,
produced an initial excitation folliowed by lethargy. In
high concentrations it produced convulsions, salivation,
pupillary dilatation, lachrymation and deep and rapid
respirations. Although the compound is sometning of an
irritant, no corneal injury was seen following the expo-
sure oi animals to its vapor. Lethal concentrations induced
respiratory failure.

Zmong the surviving animals, there were welght
losses which tended to vary with the duration and intensity
of the exposure . Table #2. This weight loss was of grad-
ual onset and was gradualiy regained. Since there was not
a control group for each inhalation experiment, the contrib-
utory effects of daily handling and of the artificial
environment on the test animals can only be assumed to have
been generally insignificant. Other than minimal transient
losses in weight, no signs oi intoxication were observed among
the animals during their prolonged period of exposure to the
concentration of l.4 milligrams of amyl nitrate per liter
of air.

Animals which succumbed to the vapors of amyl
nitrate in varying concentrations were iound, consistently,
to have undergone the ifollowing pathological changes: pul-

monary hyperemia and edema, some lungs showed acute tfocal
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inflammatory reaction; degeneration of hepatic cells; de-
generation of the epithelial celis lining the renal
convoluted tubules, and degeneration of the nerve cells
of the brain. These changes were reversible, as was
demonstrated by the fact that other animais which had
survived following the exposure and had regained their
lost weight, displayed no evidence of these pathological
changes. The liver of one cat, which had been exposed to
1.4 mililigram per iiter on twenty days and killed eight
days aiter the last exposure, had persisted in its damaged
state, although it had regained the weight lost during the
period ot exposure. It is apparent thereiore, that the
regovery process requires time and that such histologic
abnormalities as those observed are not, in themselves,
satisfactory evidence of dysfunction.

The susceptibility of animals to the inhalation
of the vapor oi amyl nitrate may be seen in diminishing
order as the animuais are listeé:, mice, rabbits, guinea
pigs, rats, and cats. |

A glance at the curves of wortality among several
species oi animals (excluding caﬁs, all of which survived)
in the inhalation eiperiments shows that their extension
would give them sharp deflection to the horizontal as the
concentration of the vapor diminished and the duration of
the exposure increased. The probable physiological inter-

pretation of this deflection is that the break in the line
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occurs when the maximum concentration of amyl nitrate in
the tissues of the animals during the period of exposure
on any one day undergoes no further significant progression
from day to day; that is, when the rate of absorption
associated with the atmospheric concentration, over the
period of several hours, is balanced by the rates of metab~
lic breakdown and excretion over the period of exposure
and the period intervening before the initiation of the
next exposure. When the concentration of the vapor in the
atmosphere is potentially lethal, the fate of the animal
is dependent upon the duration of exposure. The slopes of
the mortality curves appear to vary fairly consistently
with the weight relationships of the several species.

Analysis of possible synergistic and cumulative
effects would necessitate more prolonged exposure of animals
to the lowest concentration investigated in these experiments.
The use of a control group of animals, under the same con-
ditions of handling and confinement but excluding exposure
to amyl nitrate, would be advantageous. Further investigation
of the significance and of the rate and degree of disappear-
ance of the pathological changes induced by exposure to the
vapor of amyl nitrate shoudd be carried out by killing and
examining animals at appropriate intervals after the termi-
nation of the period of exposures

In view of the suggestive but not althgether con-
vincing evidence of the occurrence of systemic intoxication

in association with the percutaneous absorption of amyl
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nitrate under certain experimental conditions, further
experiments along this line may well be carried out. In

at least one experiment, which might be repeated and extend~
ed, the effects observed may be attributed to the absorption
of amyl nitrate. In this experiment the losses in weight and
the systemic signs of intoxication were more marked in the
animals which were‘being subjected to applications of catal-
ytically cracked diesel fuel containing two per cent of amyl
nitrate, than they were in those whose contact was limited

to the same fuel without the additive.

The anticipated concentration of amyl nitrate in
diesel fuel is 0.25 per cent (V/V); experimental work with
selected diesel fuels containing amyl nitrate in this con-
centration would be advantageous.

Animals exposed to diesel fuels, with or without
amyl nitrate, displayed moderately severe injury of the
skin. Theskin injury #as characterized by extreme erythema,
moderate edema, lichenification and induration; subsequently,
fissures and marginal hemorrhages developed in the affected
areas. Microscopically, there was papillomatous hyperplasia,
acanthosis, hyperkeratosis and chronic inflammation. The
severity of the injury to the skin induced by contact with
a model airplane fuel was much less than that caused by con-
tact with the diesel fuel, while that dustained by animals
subjected to contact with undiluted amyl nitrate was even

less.
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These cutaneous lesions appear to be of thernature
of the primary irritant type. Thepetroleum fractions con-
tained in diesel fuel are within the boiling point range of
petroleum products known to be irritating to human skin,
and the experiments leave no doubt that the petroleum hydro-
carbons were the principal factros in the cutaneous injury.
However, undiluted amyl nitrate is a mild skin irritant.

The administration of amyl nitrate to rats and
rabbits by the oral, intraperitoneal and intragenous routes
produced a uniform group of signs of intoxication, composed
essentially of the following: increased respirafory rate,
which eventually failed with lethal doses; motor excitation
preceding lethargy; terminal cyanosis; and lowered body
temperature. Oral administration displayed a relatively
low toxicity. Intravenous administration produced a tran-
sient miosis in contrast to the constant mydriasis noted

with inhalation; intravenous injection also produced lachry-

- 66 -

mation, and spasms followed the administration of lethal doses.

The intravenous administration of multiple doses of an
emulsion containing amyl nitrate demonstrated a falling off
in the effectiveness of successive doses in eliciting the
response, that is, in order to adhieve the original effect,
increasing dosages were required.

In experiments involving the oral administration of

amyl nitrate, young female rats were found to be more
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susceptible to the effects of the compound than were the
adult rats. This observation is worthy of further investi-
gation. |

The irritant properties of amyl nitrate suggest that
it may give rise to some hazard to the eyes. No severé con-~
junctival or corneal pathology was demonstrated among the
experimental animals, but it suggested that the kerato-
conjunctival reaction be investigated further.

Any further experimental work should look into the
factors of possible bidélogical susceptibility related to
sex. The possibility of deleterious effects from thé
absorption of amyl nitrate on the blood forming tissues
should be investigated in any further prolonged experiments,
at least to the extent of carrying out systematic observa-
tions on the leucocyte elements in the peripheral circulation.
The feasibility of detecting functional changes in the livers
and kidneys of experimental animals following exposure to
high concentrations of amyl nitrate may well be explored.

Under experimental conditions, the inhélation of
the vapor of amyl nitrate is lethal to exposed animals
when the concentration exceeds seven milligrams per liter
or thereabouts (1310 ppm), for the period of approximately
fifteen hours. .Below this level, there appears to be a
break in thecurve which portrays the toxicity, in that
animals survive following exposure for disproportionately

prolonged periods of time at the lower concentrations.’
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Taking this fact into account and providing a safety

factor of ten in relétion to this critical concentration,
the level of'O.7 milligrams per liter (131 ppm) may reason-
ably be regarded as probably safe for ﬁen who may be exposed
to the vapor of amyl nitrate for no longer than seven hours
per day. If men who work under these conditions were main-
tained under appropriate medical surveillance, no immediate
risk would be involved, and the facts concerning the potential
hazards of human exposure to the vapors of this compound can
be obtained. This concentration is half of that to which
the animals were exposed in the final experiment. - In this
experiment involving prolonged exposure to the concentration
of 1.4 milligrams of amyl nitrate per liter of air (262 ppm),
the experimental animals displayed a significant loés in
weight. Moreover, evidenbe was obtained in the case of one
animal, that minor damage to the liver, sustained, presum-
ably, during the period of exposure, persisted after the
animal had regained the weight lost during the period of
exposure, It is by no means certain that these effects can
be attributed to the toxic action of amyl nitrate, but it is
safer, for practical purposes, to assume that they were.

In the concentration of l.4 milligrams of amyl
nitrate per liter of air, the component radicals of the
compound occur in the following proportions: 53.4 per cent of
amyl radical or 140 ppm, and 46,6 per cent of the nitrate

radical or 122 ppm.
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The accepted safe concentration of amyl alcohol
ranges from 55 to LOO ppm. Eighty-one per cent of the
alcohol is represented by the amyl radical, which there-
fore is represented over the range of L4 to 320 ppm. The
correspondingly acceptable safe concentration of amyl
acetate is 400 ppm; about fifty per cent of the compound
is amyl radical, equivalent to 200 ppm. Therefore, in
the case of am&l nitrate at 1T4 milligrams per liter, the
equivalent concentration of amyl radical is within the
usually accepted range for the amyl equivalents of amyl
alcohol and amyl acetate.

Amyl nitrate contains L6.6 per cent of the nitrate
radical, and 34.6 per cent of the amyl nitrate is potent-
jally available as nitrogen dioxide, equivalent t0 a con-
centration of nitrogen dioxide of 90ppm. The accepted range
for nitrogen dioxide is twenty to seventy parts per million,
although the lower figure is the more generally acceptable
as indicated by the value of 25 ppm recommended by the
American Standards Association. Taking the concentration of
nitrogen dioxide of 45 ppm as acceptable and assuming that
somewhat less than all of the nitrate radical in amyl nitrate
is available as nitrogen dioxide, the nitrate component is
found to be within the acceptable range when the concentration
of amyl nitrate is 0.7 milligrams per liter. This agreement
with the terms of the tentativgqs?andard of safety previously

proposed may be looked on a® somewhat, if not definitely,

confirmatorye.’
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The observations on the rate and extent of the
vaporization of amyl nitrate in an enclosed chamber suggest
that the tentative standard for safe industrial practige
should not be excessively difficult to meet. After thirty
hours, the completely enclosed experimehtal chamber con-
tained amyl nitrate in a concentration well above that
suggested but the rate of evaporation was found to be slow,
and the influence of the movement of air in any adequately
or even partially ventilated space may be expected to offset
such progressive accumulation of vapor. It is evident, on
the other hand, that potentially dangerous concentrations
of vapor may accumulate within an enclosed space. The
observations made under the actual conditions of the use
of amyl nitrate (0.25 per cent V/V) in diesel fuel, indicate
that the concentfations of amyl nitrate was well below the
suggested air concentration.

The efficiency of the respiratory equipped with the
canister for organic vapor, was shown to be satisfactory for
providing respiratory protection against the vapor of amyl
nitratee.

The pathological changes observed in the livers and
kidneys of animals exposed to amyl nitrate are related to
the amyl portion of the radical. This is consistent with
their reversibility and may contribute to tine explanation
of the observed lossed in weight on the part of the animals.

The degenerative changes in the central nervous system are
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related to the amyl portiom of the molecule. The labored
respiration, which appeared after a period of exposure,
together with the ataxia, may be early evidences of this
neuro-toxicity. The ataxia appears in animals relatively
resistant to the formation of methemoglobin; this tends to
exclude the implication that anoxia in the central nervous
system from this source, was a factor in producing the
altered gait.

Both components of the amyl nitrate molecule are
irritants to mucous membranes. This property of amyl nitrate
was manifested by lachrymation, salivation and pulmonary
hyperemia or edema.

The occurrence of convulsions and coma depended
primarily upon the concentration of vapor in the air breathed
by animals; that is, upon the rate of administration of amyl
nitrate to animals. The early appearance of these signs,
following the administration of a large dose, is a secondary
phenomenon associated with the disturbance of the circulation
by the nitrate. ‘Under these conditions, in which there is
extensive post-arteriolar pooling of blood, there is a re-
flex arteriolar contraction. This reflex contract;on is
similar to the response to epinephrine. Thereid re, under
these circumstances, epinephrine is contraindicated thera-
peutically.

Convulsions and coma, follwoing the appearance of

ataxia and further respiratory disturbances, are related to
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the amyl portion of the molecule. The observed lethargy,
subsequent o exposure, but not persisting during the entire
period of weight loss, is also attributed to the amyl portion
of the radical and its metabolism bo valeric acid.

During the experiments involving inhalation of the
vapor of amyl nitrate, it was necessary to remove the ani-
mals from the respiratory chamber before sweeping it free
of the vapor-air mixture, this procedure contaminated the
atmosphere of the experimental laboratory, and resulted in
the exposure of the experimental stafi., The latter experi-
enced headaches which were throbbing in charécter, and some
of them experienced nausea. These reactions are similar to
those observed among workers exposed to nitroglycerine.

Headache of rapid onset is a fesult related to the
nitrate portion of the molecule, resulting from the dilata-
tion of the intracranial vessels. Appearing after repetitious
and prolongedé exposure, subh a symptom is due to accumulation
of the amyl radical. This is consistent with the relatively
prolonged presence of the mayl radical in the blood, due to
its relatively slow metabolism and excretion.

Some tolerance to the nitrate portion of the radical
and to some of its effects appears to be developed. Should
there be no such acquired tolerance to concentrations of the
order of 0.7 milligrams per liter (131 ppm), this tentative

value will require reduction.
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Methemoglobinemia has been observed following the
absorption of compounds and compounds containing the amyl
radical. The nitrates are more consistent and more potent
methemoglobin forming drugs. The eifects of the radicals
are additive with respect to each other and to any other
source of impairment o:x the oxygen supplying function of
hemoglobin. In the single experience reported, there was an
increase susceptibility to methemoglobin formation with re-
peated exposure. It may be postulated that an equivalent
exposure of a healthy man would not be deleterious, although
the individual would appear cyanotic.

Characterized by a relatively low vapor pressure
and low solubility in water, amyl nitrate follows the pattern
of the organic nitrates, diffusing readily into the cells
and being converted to nitrite within the cell. Under these
circumstances, amyl nitrate is of a relatively low order of
potency as a methemoglobin forming compound. However, the
persistent presence of the nitrate, under the conditions
associated with its sources in this compound (the properties
of which are indicated above) provides for a brolonged
vasodepression.

The d@irculatory changes of relatively rapid onset
are attributed to the nitrate. These changes are manifested
by alteratioh in pulse, appearance of cyanosis and early
collapse.

Respiratory stimulation may be attributed to irrita-

tion with reflex stimulation in the respiratory tract, or
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t0 the nitrite action on the carotid and aortic bodies.
Subsequent respiratory depression can be the result of
central depression induced either by the amyl radical or
by the anoxemia associated with deficient circulatory vol-
ume or methemoglobinemia or some combination of these two
factors. The change in body temperature are secondary to
the circulatory disturbances.

The pupilliary changes are due to the nitrate portion
of the molecule. Late changes, associated with coma and
convulsions, may be an effect of the central nervous system
depression by the amyl madical.

Repeated exposure to amyl nitrate did not produce
hemolysis or anemia.

These signs and their relationship to compounds
with either the amyl or the nitrate radical are summarized
graphically in Table #3.

There is some'correlation petween amyl nitrate and
the knawn action of related compounds. Adapting this to
the experimental work, it appears most probable that the
action of lethal doses of amyl nitrate is a combination of
both components of the radical. The pulmonary irritation
in the inhalation series was a significant feature of the
lethal process where it terminated fatally. Delayed deaths
are attributed primarily to the pulmonary pathology, the
contributory effects of the hepatic and renal disorders

being, in all probabilityj essentially unimportant,
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Administration of sublethal doses of amyl nitrute
displayed initial eizects attributable to the nitrate por-
tion of the radical and the products of its metabolism.
Delayed eifects, as manifested by weight loss, may be
related to the amyl radical.

With one exception, which has been referred to pre-
viously, but can not be credited with much signiiicance, no
relevant pathology was observed in the tissues of animals
that had survived and had regained the weight los® during
periods of respiratory exposure to amyl nitrate, when the
animals were killed for examination. It is evident that
the pathological changes assoclated with the eXposure of
the animals to amyl nitrute (as found in those that died
or were kilied during the pefiod of exposure) were revers-
ible, as indeed, from their histological characteristics,
they would be expected to be.

Amyl nitrate displays evidence of being a mild
skin irritant, and the rep#titious application of amyl
nitrate upon the skin of animals results in retardation
of growth. The additive, in catalytically cracked diesel

fuel also increases the toxicity of the fuel.
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RECOMMENDATIONS CONCERNING
AMYL NITRATE
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RECOMMENDATIONS CONCERNING AMYL NITRATE

In consideration of the results of the experi-
mental work described herein, it is recommended, in the
event that amyl nitrate should find wide spread use, that:

1. Experimental animals be subjected to the in-
halation of atmospheric contamination of amyl nitrate in
the concentration of l.4 milligrams per liter over a pro-
longed period of time, in simulation of human occupational
exposure.

2 Animals be subjected to further applications
of amgl nitrate in selected diesel fuels in the concentrations
of 0.25 per cent (¥/V).

3. 'Contrél groups of animals be subjected to the
same conditions of handling and coniinement so as to better
gauge the minor effects of the absorption of amyl nitrete.

l,. The experimental groups of animals be sufficient
in number so that representative animals can be killed for
examination at staged interwals during and at the conclusion
of the periods of exposure.

5. The e.fects of contact of the eyes of animals
with liquid and vaporized amyl nitrate be investigated.

6. In further experimental work, biological sus-
ceptibility, with reierence to age and sex, be determined.

7. In further experimental work, the variation in
the leucocyte responses, if any, of exposed animals be in-

vestigated.
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8. In further appropriate experiments, the in-
fluence oi amyl nitrate on hepatic and renal function be
investigated.

9. In further experimental work, the relationship
of weight loss and hepatic damage be investigated.

The recommendation is made, tentatively, that the
concentration of amyl nitrate in the atmosphere to which
men are to be exposed in the normal course of their work
should not exceed 0.7 milligrams per liter (131 ppm); this
figure may be revised upward as experience is obtained.

The low volatility of the material aliows it to be handled
safely in a well ventilated area under conditions of mod=-
erate temperature.

The suggested precautionary measures for handling
amyl nitrate or mixbtures containing it are the following:

1. The material shouthd be stored in a segregated
area. Containers should be closed tightly when not in
use. There sinould be adequate ventilation in the storage
area.

2. The material should not be subjected to tempera-
tures near to, or in the range of, its boiling point (150°F.).

3. Amyl nitrste which has been spilled or pefmitted
otherwise to escape from closed containers shoudd be re-
claimed promptly into closed containers. Small quantities
may be removed by flooding the area with water into a drain-
age system.

L. Enclosed contaminated areas should be entered
oniy with protective respiratory equipment. The circumstances

or pertinent salety regulations will cdetermine whether canister
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masks (for organic vapeor) are to be used, Or whether air
line hése masks with air supplied under positive pressure,
are to be used.

5, The concentration of amyl nitrate in the atmos-
phere of regular working places should be determined by
representative sampling eand analysis.

6. Contact of the skin of workmen with anyl
nitrate, and with products containing it, should be
iimited by appropriate precautionary measures, and if
necessary, by impermeable garments.

7. If amyl nitrate should be ingested, vomiting
should be induced. |

8. The eyes should be protected against contact
with amyl nitrate. Chemical goggles should be used in
areas where splashing is probable. The therapeutic princi-
ples of chemical contamination of the eye apply in the case
of amyl nitrate.

9. Adegquate facilities for personal cleanliness
and hygiene should be available (washing facilities, show-
ers and extra clothing and equipﬁent for replacing that
contaminated).

The use of amyk nitrate and the potential human
exposure associated therewith, make it necessary to emphasize
the importance of making and recording comprehensive com-
prehensive clinical observations as a means of refining our

knowledge of its potential hazards, and of ensuring their
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cohtrol. Pre-employment and periodic medical examinations
of workers will contribute this valuable information.

1. Clinical observations of workers exposed to
amyl nitrate, must begin with the employment of individuals
ig suitable physical condition. Following medical exami-
nation, the physician should suggest selected job placement,
with an appropriately restricted exposure to amyl nitrate,
for indiwiduals with significant historical or clinical
evidence of the following:

2. chronic alcoholism
b. meningitis or uveitis
¢. pulmonary pathology
d. cardiac pathology
e. anemia
f. liver pathology
g. renal pathology
h. dermatitis.
2., Periodic physical examination should note the:
a. general well being
b. weight change
¢c. persistence of headache
d. fundiscopic findings
e. pulmonary status
f. depression of the systdic blood pressure
g. appearance of anemia
h. urinalysis

i. cutaneous lesionse.
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3. Opportunities for acute severe exposure of
workers may necessitate medical supervision. Whereas
epinephrine is contraindicated, the physician should have
available positive pressure oxygen and whole blood. Skin
contamination should be removed by washing.

L. Demonstration of symptoms or signs attributable
to amyl nitrate may necessitate rotation of the worker to

an unexposed Jjob.
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Table #1

PHYSICAL PROPERTIES OF THE IGNITION IMPROVERp

Molecular formula CsHy1NO5
Molecular weight 133.146
Density: 20
d (68 F) 0.998
L. 1. Gravity (60 F) 9.5
Weight per gallon, lbs. | 8.3
Boiling range (extrapolated to 302-311
.760 mm Hg)
Pour point, F -139
Coefficient of expansion, 0.00056

per °F at 68 F
Solubility in 100 parts of

Water at 68 F 0.34
Diesel fuel miscible
Index of refraction, 20 1.415
n
D
Flash point, F .
Open cup 130
Closed cup 107
Viscosity, centistokes at 100 F 0.77k
Odor Ethereal
(Non-offensi ve)
Color Water white to

light straw
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Table #2

PER CENT OF WEIGHT LOSS IN RELATION

T6 DURATION OF EXPOSURE

AND CONCENTRATION OF AMYL NITRATE

Exposure Time { Concentration |} Max. Wt. Loss as
in Hours mg/1 % of Initial Wt.
7 - 21 16 1376
7 - 21 9 - 11 12.6
3.5 19 9
7 9.6 8
70 3.2 7.8
7 19.9 7.6
140 1.4 L
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Table #3

SIGNS OBSERVED DURING AMYL NITRATE INHALATION IN
RELATION TO COMPONENT RADICALS OF AMYL NITRATE

Signs T Amyl Radical 4 HNitratecRadical
Observed ATTds™F
Alcohol Acetate | Oxides Nitrite
Labored Respe. +
Liver Degen. +
Kidney DBegen. + -
Tremors + o+
Ataxia(vertigo) + +
C.N;S..DegenJ + - +
Weight Loss +
Lachrymation + + +
Salivation + + +
Lung Edema + +
Iung Hyperemia + +
Headache . + +
Convulsions + + - +
Coma + +
Tolerance + +
Methemoglobin + - +
Transitory Miosis +
Mydriasis _ +
Hyperemia (skin) +
Cyanosis 4 +
Deep Rapid Resp. +
Full Pulse +
peg.: Systol. B/P | .
Dec. Body Temp. b + N
-
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FATALITIES AMONG MICE FOLLOWING INHALATION OF AMYL NITRATE
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Average Growth of Groups of Rabbits During a Period in Which The Animals Were
Repeatedly Subjected to Skin Contact With Cetane Improver (DB-26) or Fuels
Contoining it.  (Animals Were Exposed for 4 Hours on Each of 5 Days)

(1) Diesel fuel containg 0.5% DB-26 (2 mi/Rabbit/hr)

(2) Model airplane fuel (2 mi/Rabbit/hr)

| (3) Undiluted DB-26 (I ml./Rabbit/hr) @)
(4) Control Rabbits
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FIGURE 12
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