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PREFACE

The aviation environment has always contained many toxic materials and products.
With the evolution of more advanced aircraft propulsion mechanisms, specialised aircraft
material development and associated maintenance activities, there has been a major increase
in the potential toxic hazards associated with these systems. The threat of toxic exposure
covers the entire spectrum of low-level continuous or intermittent to high-level brief
accidental or unavoidable exposures.

However, the protection of the crew and passengers is not the only concern in dealing
with the toxic hazards in aviation. Responsibilities include research to address the biomedical
aspects of occupational health and safety standards, toxic substances, environmental impact
criteria and classification of transportation.

Papers presented at the Aerospace Medical Panel’s Specialists’ Meeting held in Toronto,
Canada, 1519 September 1980.
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{ RAMJET FUEL TOXICOLOGY

Kenneth C. Back, Ph.D.
Chief, Toxicology Branch, Toxic Hazards Division
Air Force Aerospace Medical Research Laboratory
Wright-Patterson Air Force Base, Ohio 45433

SUMMARY

New aircraft and ramjet fuels are being developed which contain high density compo-
nents. These fuels contain isomers of perhydromethylcyclopentadiene (RJ4), reduced
dimers of bicyclohepadiene (RJ5), a tricyclodecane compound (JP10) and methylcyclohexane.
Methylcyclohexane is by far the most volatile of the constituents studied having from 100
to 1500 times more vapor pressure than the other components. This fact is paramount to
considerations of relative hazards.

Each of the compounds have been studied for their acute, subacute, and chronic
toxicity. The agents are of low order toxicity from acute exposure. Chronic toxicity
studies were run on RJ4, RJ5, and JP10 using rats, mice, dogs and monkeys.

The results of these studies demonstrate the low order of toxicity of these constit-
uents. Kidney and liver hyperplasia in RJ4 exposed rats and pulmonary irritation in dogs
and monkeys exposed to RJ4 and RJI5 emerge as the salient results of these studies.
Although there is some indication of increased tumor incidence in a small number of mice
held for one year after exposure to near saturated RJ5 vapors, there is no clear cut
evidence that this compound is carcinogenic. The finding of respiratory irritation
should be considered relative to possible human experience of chronic exposure to RJ4 or
RJ5. Due to their low vapor pressures, the inhalation hazard (the probability of injury
in use) is extremely low. The odors of RJ4, RJ5, and JPl0 are extremely objectionable
and it is doubtful that workers would tolerate concentrations far less than those used in
these studies. These fuels show a relatively low order of toxicity in experimental
animals and are judged to be of low inhalation hazard to man.

Our Laboratory and the US Navy Toxicology Unit of the Naval Medical Research Institute
have been performing work on the toxicology of various constituents of ramjet fuels as
well as conventional jet fuels since the late 1960s. This paper will attempt to present
the data necessary to formulate the relative hazards of these compounds and relate those
hazards to those found with the well known US Air Force aircraft jet fuel, JP4.

The formulation for JP9 (ramjet) fuel was originally a mixture of 70% RJ4, 207 RJ5
and 107 methylcyclohexane. Later RJ4 was replaced by JP10 in the formulation. RJ4 (TH
dimer) contains isomers of perhydromethylcyclopentadiene. RJS is a mixture of reduced
dimers of bicycloheptadiene and is also known as '"Shelldyne H." JP10 is a tricyclodecane
compound. The physical properties are found in Table 1.

Methylcyclohexane (MCH) is by far the most volatile of the constituents studied
having from 100 to 1500 times more vapor pressure than the other components. This fact
is paramount to considerations of relative hazards. MCH has low oral toxicity in the
rabbit with the lowest lethal dose published at 4.0-4.5 g/kg. Treon et al. showed
fatality in rabbits exposed to 15,000 ppm for 1 hr but only some weight loss, narcosis
and convulsions at 10,000 ppm (40 mg/liter).! Ten weeks of 5 hr/day exposures to 1162
ppm or less produced no toxicity in rabbits but 3300 ppm for the same time produced
slight kidney and liver damage (See Table 2).

Due to a paucity of chronic exposure data, we instituted a one year study at concen-
trations of 400 and 2000 ppm on an industrial work week schedule of 6 hrs/day, 5 days/wk
in mice, rats, hamsters and dogs. Data have been compiled to 20 months post exposure.
The most significant change seen was an effect on growth and weight gain of the hamsters
during exposure. However, within two months following exposure the animals were at
control level weight. This decrease in rate of weight gain was not remarkable in male
rats, and female rats at the high dose gained somewhat more than controls. The clinical
chemistry of the dogs was normal.?

An Emergency Exposure Limit for 1 hr was determined for MCH. Rats, mice and trained
dogs were exposed to various concentrations of MCH for 1 hr and observed for signs of
toxicity for 28 days post exposure. From the rodent data both rats and mice appear to
tolerate well an exposure of approximately 4200 ppm. The rodents indicated no loss of
coordination or other sequelea, and pathology 28 days post exposure was negative. The
dogs exposed to 4071 ppm produced no adverse effects during or after exposure for the 28
day observation period. Clinical chemistry was normal throughout and neurological
testing revealed no exposure related effects. Until human data are available which would
indicate that man is more susceptible to MCH than rodents or dogs, there is no reason to
believe that a 4000 ppm concentration of MCH would prevent man from self rescue. Further,
subsequent medical sequelae would appear unlikely.® The current TLV is 400 ppm (1600
mg/m*) with an STEL of 500 ppm (2000 mg/m?).*
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RJ4 (TH Dimer) is an extremely odiferous compound but not very toxic even at air
saturation levels. The acute oral LD50 in the rat is greater than 16 g/kg and the i.p.
LD50 is 3.2 g/kg.°® The compound produces respiratory tract irritation, but skin and eye
irritation studies in rabbits were negative. Exposure for 6 months, 6 hrs/da, 5 da/wk
at 2 mg/liter (298 ppm) produced respiratory irritation in monkeys, dogs and rats,
weight depression in dogs and rats, and liver and kidney hyperplasia in rats.® Mutagenic
potential studies using microbial assays were negative as was the mouse lymphoma test,
and dominant lethal assay. Unscheduled DNA synthesis tests were vaguely positive but
risk minimal. The oncogenic potential is not clear cut but if it is an oncogen, it is
most certainly of low potency.’ See Tables 3, 4 and 5 for details.

RJ5 (Shelldyne H) is also very odiferous and also not very toxic. The oral LD50 in
the rat is greater than 16 g/kg while the i.p. LD50 is 3 g/kg. It also produces respira-
tory tract irritation, but skin and eye irritation studies were negative in the rabbit.®
The vapor pressure of RJ5 is such that 0.15 mg/liter (20 ppm) is near saturation. Six
month exposures to dogs, monkeys, rats and mice produced respiratory irritation in
monkeys, rats and dogs and weight depression in dogs.® Mutagenic potential studies were
similar to those found with RJ4.%® See Tables 3 and 4 for details. Table 5 shows that
mice held one year post 6 months exposure to 20 ppm RJ5 produced more tumors than control.
Although the numbers of animals are small and the mutagenic potential experiments were
negative, those data red flagged the possibility that RJ5 might be a weak tumor producer.®

An in-depth study is now in progress to look at the oncogenic potential of this
compound. Rats, mice, hamsters and dogs are being exposed to 0.03 or 0.15 mg/liter
vapor for 1l year using an industrial type regimen of 6 hr/da, 5 da/wk. At 7 months into
the exposure there has been no mortality and other parameters are not biologically
changed excepting a small decrease in body weight gain in male rats but not female rats,
dogs or mice.®

JP10 is not to be considered acutely toxic by accepted toxicity standards. The
single dose oral LD50 could not be determined in either rats or hamsters, both being
greater than 20 ml/kg. Mice had an LD50 of 3.9 ml/k with convulsions preceding death
which occurred within 48 hrs. Eye and skin irritation studies in rabbits were negative.
It has shown to be a mild sensitizer in guinea pig sensitization studies. Four hour
LC50's were 1221 ppm in male rats and 1194 ppm in female rats. The mouse 4 hr LC50 is
approximately 900 ppm. Symptoms included eye irritation, fine tremors, prostation, and
convulsions followed by death. Survivors of high level exposures had hind quarter
paralysis.!®

Emergency Exposure Limits for 10, 30 and 60 minutes have been established on the
basis of mouse, rat and dog exposures, and examination of pathology (mouse and rat) and
performance data in trained dogs. The recommended EEL’s are 1000 ppm for 10 min, 600
ppm for 30 min and 150 ppm for 60 min.!®

Chronic exposure studies of JP10 fuel using a 100 ppm concentration for 1 yr on an
industrial exposure regimen of 6 hrs/da, 5 da/wk were instituted using rats, mice,
hamsters and dogs. Mortality of the treated animals during, and 10 months following
exposure, was not different from controls. Weights of male rats and hamsters showed
some depression from the exposure. Female rats were not affected. Dog clinical chemistry
values were not remarkable and all dogs held to date (10 months post exposure) are in
good health. These animals will be maintained until June 1984 for study of oncogenic
potential.!!

The toxicity of JP4 jet fuel has been studied rather extensively. The acute oral
lethal dose in the rat is greater than 8 g/kg. The 6 hr lethal concentration is greater
than 38 mg/liter. It is a positive skin and eye irritant in the rabbit and produces
central nervous system depression, lethargy and emesis in highly exposed individuals
(Table 6).

JP4 was presented to dogs, monkeys, rats and mice for 8 months, 6 hrs/da, 5 da/wk
at concentrations of either 5 mg/liter or 2.5 mg/liter. At these concentrations the
fuel contained 25 ppm and 12.5 ppm benzene, respectively. Positive control animals were
exposed to 25 ppm Eenzene using the same exposure times as the JP4 and control animals.
There was increased incidence of red blood cell fragility in female dogs at the 5 mg/liter
concentration and an increased incidence of chronic bronchitis in rats (Table 6).!?
The tumorigenic response was not dose related or remarkable. Further, benzene was not
remarkable in that regard (Table 7). On the basis of these data, we have suggested a
standard of 2.5 mg/liter as the TLV.'3® 1'%

As stated before, the relative vapor pressures of the individual constituents of
JP9 are extremely important in assessing the hazard associated with use. Since JP9
contains 70% JP10, 20% RJ5 and 10% MCH we have determined the vapor pressures to be
approximately as follows at room temperature (70F):

MCH 9600 ppm 7 mm Hg
JP10 660 ppm 0.5 mm Hg
RJ5 66 ppm 0.05 mm Hg

If one adheres to the ACGIH 10 hr TLV for MCH of 400 ppm, the breathing zone of a
worker would also contain 27 ppm of JPl0 and 2.7 ppm RJ5. The exposures for JP1l0 and
RJ5 would be at least an order of magnitude below levels necessary to see effects in
laboratory animals.
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Since workers performing engine tests would not likely be exposed for more than a
few minutes per day if proper industrial hygiene procedures are used, and since the

odors of these compounds are highly objectionable, the inhalation hazard is deemed quite
low.

If hygienic procedures use MCH as the marker compound for monitoring purposes, the
TLV of 400 ppm or any fraction of that figure downward should provide safe working
‘ conditions for test purposes. Further, handling of these compounds should not pose a
hazard markedly different from handling JP4 fuel, when the low vapor pressure of the
ramjet fuel is taken into account.

TABLE 1: PHYSICAL PROPERTIES OF RJ FUELS

R34 RIS JP10 McH
Empirical Formula Cl2H20 C1l4H20 C10H16 C7Hl4
Molecular 164 188 136 98
Vapor Pressure (70F) mm Hg 0.354 0.025 0.50 42
Density (70F) g/ml 0.925 1.0813 0.940 0.7660

TABLE 2: METHYLCYCLOHEXANE

ACUTE TOXICITY

y Oral - Rabbits LD (Lethal Dose) = 4,0 - 4.5 g/kg
One Hr Inhalation - Rabbits LC (Lethal Conc lo) = 15,000 ppm
CHRONIC TOXICITY
Inhalation - Rabbits LC~100 (Lethal Conc 100) = 10,000 ppm
6 Hr/Da, 5 Da/Wk LC~25 (Lethal Conc 25) = 7,300 ppm
2 Wks LC-0 (Lethal Conc 0) = 5,600 ppm
A EFFECTS
Slight kidney and liver damage at 3,300 ppm at 10 wk exposure
No kidney or liver damage at 1,162 ppm at 10 wk exposure
Eye irritation - Positive
Mucous membrane irritation - Positive
STANDARDS
Threshold Limit Value = 400 ppm (1600 mg/m°)
Short Term Exposure Limit = 500 ppm (2000 ug/m?)
TABLE 3: RJ-4 (TH-DIMER)
ACUTE TOXICITY
Oral Mouse LD Lo = 250 mg/kg
- Rat LD 50 > 16 g/kg
_ Intraperitoneal Rat LD 50 = 3.2 (2.5 4.2) g/kg
t. 4 Hr Inhalation Rat LC Lo = 3200 mg/m®
o EFFECTS
s Highly objectionable odor
g Respiratory tract irritation
i Eye and skin irritation studies in rabbits - Negative
' ’ RJ-5 (SHELLDYNE H) i
3¢ ACUTE TOXICITY
§ Oral Rat LC 50 > 16 g/kg
¢ Intraperitoneal Rat LD 50 = 3.0 (1.9 - 4.8) g/kg
'; 4 Hr Inhalation Rat LC Lo > 1969 mg/m?
) EFFECTS

Highly objectionable odor
Respiratory tract irritation
Eye and skin irritation studies in rabbits - Negative

‘.

" 1
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TABLE 4: RJ4 AND RJS5 CHRONIC TOXICITY

EXPOSURE PARAMETERS
Exposure Time = 6 months, 6 Hrs/Da, 5 Da/Wk
Exposure Concentrations: RJ4 = 2 mg/liter (298 ppm) near saturation
RJ5 = 0.15 mg/liter (20 ppm) near saturation
Animals/Exposure: 8 dogs, & monkeys, 50 rats, 40 mice

EFFECTS
RJ4 and RJ5 -~ Respiratory irritation monkeys, dogs, rats
t+Incidence bronchitis and bronchopneumonia in dogs and rats
RJ4 -~ Weight depression in dogs and rats
Kidney and liver hyperp%asia in rats

RJ5 -~ Weight depression in dogs

ONCOGENIC POTENTIAL
Not clear-cut
If oncogenic ~ low potency

MUTAGENIC POTENTIAL - RJ5 AND RJ4
Microbial assay (Ames) - Negative
Mouse lymphoma test - Negative
Unscheduled DNA synthesis - Positive (risk minimal)
Dominant lethal test (mouse and rat) - Negative

TABLE 5: TUMOR INCIDENCE IN MICE EXPOSED TO RJ4 AND RJS
“FOR SIX MONTHS ARD HELD ONE YEAR POSTEXPOSURE

R SIX
CONTROL RJ4 RIS
Tumors in mice dying
during postexposure period

Sarcoma 2/5 3/6 4/6

Alveolargenic
Carcinoma 1/5 0/6 0/6
Other 0/5 176 0/6

Tumors in all mice
Lymphosarcoma 0/17 0/18 2/20

Alveolargenic
Carcinoma 1/17 0/18 5/20

Alveolargenic
Adenoma 0/17 2/18 0/20

Bronchogenic

Carcinoma 0/17 0/18 1/20

Hematopoietic
Sarcoma 2/17 2/18 3/20
Myelosarcoma 1/17 1/18 1/20
TOTAL 4/17 5/18 12/20

TABLE 6: JP4 FUEL
ACUTE TOXICITY

Oral Rat LD Lowest > 8,000 mg/kg
Mouse LD Lowest = 500 mg/kg
6 Hr inhalation Rat LC Lowest > 38 mg/liter
EFFECTS
Eye irritation - Positive
Skin irritation - Positive

CHRONIC TOXICITY
Exposure time = 6-8 months, 6 Hr/Da, 5 Da/Wk
Exposure Concentrations:
JP4 - 5.0 mg/liter (contains 25 ppm benzene)
JP4 - 2.5 mg/liter (contains 12.5 ppm benzene)
Benzene - 25 ppm

Animals/Exposure:
6 dogs, 4 monkeys, 50 rats, 40 mice
EFFECTS
JP4 - Central nervous system depression, lethargy, emesis

+ Red blood cell fragility in female dogs at high dose
t+ Incidence chronic bronchitis in rats

Benzene - CNS dep:ussion, lethargy

JP4 and benzene - Oncogenic response not remarkable




MUTAGENIC POTENTIAL

Microbial assay (Ames) - Negative

Mouse lymphoma - Negative
{ Unscheduled DNA synthesis - Non-specific damage

Dominant Lethal - Preimplantation loss (Toxic)

SUMMARY: No effect on fertility

4 Minimal genetic toxicity
Negative for mutagenic potential

1

3 SUGGESTED STANDARD

; JP4 = 2.5 mg/liter TLV
1

TABLE 7: TUMOR INCIDENCE IN ANIMALS EXPOSED TO JP4 OR BENZENE

CONTROLS 25 PPM BENZENE 5.0 MG/L JP4 2.5
MOUSE TUMORS
Alveolargenic
Adenoma 3/19 6/17 4/16
Lymphosarcoma 0/19 1/17 1/16
Mammary Carcinoma 0/19 1/17 0/16
Hepatoma 1/19 0/17 0/16
Hematopoietic
Tumors 6/19 1/17 4/16
Thyroid Carcinoma 0/19 0/17 1/16
TOTAL 10/19 9/17 10/16
RAT TUMORS
mmary 0/15 0/16 1/20
Thyroid Adenoma 0/15 1/16 0/20
Pancreatic Islet
Cell Adenoma 0/15 1/16 0/20
TOTAL 0/15 2/16 1/20
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THE TOXICITY OF GRADE JP-5 AVIATION TURBINE FUEL,
A COMPARISON BETWEEN PETROLEUM AND SHALE-DERIVED FUELS'

by

LCDR Morris J. Cowan, Jr., MSC, USN
Naval Medical Research Institute
Toxicology Detachment (NMRI/TD)
Wright-Patterson AFB, Ohio 45433

Ty

and

Lawrence J. Jenkins, Jr.
Toxicology Laboratory
| Shell Development Company
P. 0. Box 822
Houston, Texas 77001

SUMMARY

During the past six years the United States Navy has been active in the development
of alternative hydrocarbon fuel sources for military use. Considerable interest has
been focused on the large shale reserves in the Western United States. The recent Navy
refinement of 100,000 barrels of shale crude provided sufficient quantities of fuels to
test them for their suitability as Naval aviation fuels. In order to assess the suit-
ability of shale-derived JP-5, it is important that its inherent toxicity be identified
and that the comparative toxicity of both the shale and petroleum JP-5 be identified.
The fuels were examined toxicologically from three standpoints: (1) As a liquid acute
spill hazard the fuels were examined for ocular and dermal irritation potential and for
skin sensitization potential. (2) Since the fuel is a complex mixture of aliphatic and
aromatic hydrocarbons each exhibiting different vapor pressures, the nature of any
accidental inhalation exposure will be dependent on the concentration of low boiling
components in the mixture. The fuels were examined as a vapor 1nhalat10n hazard by
exposing animals continuously for 90 days to vapors as high as 750 mg/m®. Groups of
animals were examined at 90 days and at the end of their normal expected lifetime. (3)
The fuels were examined as a potential oncogen by histopathologic examination of the
animals exposed for 90 days and held for a lifetime. Naval Medical Research Institute
Toxicology Detachment activities to identify the toxicity of petroleum and shale JP-§
fuel will be reviewed.

INTRODUCTION

The Navy's principle interest in non-petroleum fossil fuel sources, or synthetic
fuels, has been to determine their compatibility with naval equipment and engines, and
their suitability as naval fuels!. Suitability includes engineering and health effects.
Current interest in synthetic fuels remains focused on crude shale o0il derived from
surface retorting of oil shale rock from the Western United States. The Navy has partici-
pated in an interagency effort to produce and refine a large quantlt{ of crude shale oil
into Military Specification fuels for subsequent test and evaluation Recently these
- efforts resulted in the refinement of 80,000 bbl of shale crude. In December of 1978
L shale derived JP-5 grade aviation turbine fuel was made available to the Naval Medical
Research Institute/Toxicology Detachment for toxicology testing.

' In order to assess the suitability of shale JP-5 it was important that the toxicity
of the fuels be characterized keeping in mind the potential personnel exposure hazards
ashore and aboard ship. Comparative data on the toxicity of the shale and petroleum
fuels were necessary to assess engineering controls and work procedures. Unfortunately,
4 little data was available on the dermal, ocular or inhalation toxicity of the distillate
- fuels used by the Navy,; thus, precluding a comparative evaluation of the presently used

:$ petroleum fuels versus shale fuel. The lack of such data prompted the series of investi-
gations whose status I will report on today.

- W T R

MATERIALS

But first I would like to spend a few moments discussing the fuels used in these
investigations. The first table shows the fuels studied. They were shale and petroleum :

TS z;j',.
S 4

+ Naval Medical Research and Development Command, Research Task No. MF65572001.4009.

The opinions and assertions contained herein are the private ones of the writer and are
not to be construed as official or reflecting the views of the Navy Department or the
Naval Service at large. The experiments conducted herein were conducted according to the
principles set forth in the current edition of the "Guide for the Care and Use of Labora-
tory Animals,"” Institute of Laboratory Animal Resources, National Research Council.
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TABLE 1
FUELS COMPARATIVE TOXICITY STUDY
FUEL SOURCE
Petroleum JP-5 Air Force Aero Propulsion Laboratory
Wright-Patterson Air Force Base, Ohio
Shale JP-5 100,000 bbl Paraho Crude, Sohio

Refinement (1978)

JP-5 aviation turbine fuel. The shale fuel was refined from crude shale oil produced

for the U. S. Navy Energy and Natural Resources Research and Development Office by the
Tosco Corporation. The crude oil was refined into military specification fuel by Standard
0il Company of Ohio (Sohio). The petroleum fuel was JP-5 available at Wright-Patterson
Air Force Base at the time the toxicology studies began. The military specifications
allow for quite a bit of variation from one batch of fuel to another as is evident in
Table 2.

TABLE 2
SOME SELECTED MILITARY SPECIFICATIONS FOR JP-S1

Distillation temp %¢
Initial B.P, ---

10% recovery 205

End point, max temp 290
Aromatics, vol %, max 25
Olefins, vol %, max 5
Sulfur, total wt %, max 0.4
Sulfur, mercaptan, wt % .001
Hydrogen content, wt % 13.5
Freezing point °C, max - 46
Density, g/ml at 15°C, min 788
, max 845

Flashpoint, °C, min 60

1 Source: MIL-T-5624K, Turbine Fuel, Aviation,
Grades JP-4 and JP-5, 1 April 1976

JP-5. JP-5 is a hsgh flash point aviation turbine fuel with a specified distilla-
tion temperature of 205°C for the 10% recovery point to 290 C for the end point.?
These fuels are complex mixtures of aliphatic and aromatic hydrocarbons each exhibiting
different vapor pressures. Specifications permit up to 25% aromatic hydrocarbons and 5%
olefins. Substituted phenols or amines are added to inhibit oxidation.

Both fuels met military specifications with minor exceptions. The shale JP-5 had
0.21 volume percent of fuel system icing inhibitor (ethylene glycol monomethyl ether)
when the military specification allows only 0.15 volume percent, and it failed the
copper strip corrosion test, a subjective test for '"troublesome sulfur compounds”, to
quote the engineers in the fuels lab.

METHODS

I'11 begin the discussion of toxicity studies performed with these fuels by describ-
ing the efforts to identify ocular, dermal and sensitization potentials of the fuels.
Comparative primary dermal irritation tests were performed on both fuels. The test was
a patch test method conducted to measure the degree of primary dermal irritation of
intact and abraded skin. Six rabbits were used for cach fuel sample. The samples were
in place for 24 hours. After removal of the sample patches, the test areas were scored
according to the standard Draize technique.®

Primary eye irritation tests were performed using nine rabbits for each fuel. A
0.1 milliliter sample of fuel was applied to one eye of ecach rabbit. The opposite eye
served as a control. Three of the treated eyes were flushed with water approximately 30
seconds after treatment with the fuel in order to assess the effectiveness of emergency
treatment techniques in preventing cye injury. Irritative effects were scored at 24, 48
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and 72 hours using the Draize technique.’ Dermal sensitization tests conducted on the

fuels was a modification of the Landsteiner technique in that the size of the irritated

j area was evaluated as well as the intensity of the irritation. Twenty-four guinea pigs

» per fuel were given a total of seven sensitizing doses each of a 0.1 percent dilution of

: { fuel in peanut oil over a two week period. The guinea pigs were untreated for three

E weeks and then given a challenge dose of fuel in peanut oil. Simultaneous injections of
peanut 0il alone were given as a control to each animal. Reaction to the challenge dose
taking into consideration the peanut oil control reaction was recorded as a product of

4 the length and width of the wheal multiplied by a numerical reaction score which de-

E scribed the reaction intensity in increasing severity.
3 ! The two major inhalation toxicity studies conducted are outlined in Table 3. The
4

i TABLE 3

FUELS COMPARATIVE TOXICITY STUDY
INHALATION PROTOCOL SUMMARY

Laboratory: NMRI/AFAMRL/THRU
Duration: 90-Day Continuous Vapor Inhalation
Animal Complement: (At two concentrations per fuel)
Rats: 75 Male and 75 Female
(S0 of each held for two years)
: Mice: 150 Female

Dogs: 3 Male and 3 Female

Body Weight, Organ Weight, Hematology, Clinical Chemistries
Histopathology: 90 Days - 42 Tissues

2 Years - 42 Tissues

Clinical Tests:

studies are being conducted at the Naval Medical Research Institute, Toxicology Detachment
at Wright-Patterson Air Force Base, Ohio, wutilizing Thomas Dome inhalation chambers at
the Air Force Aerospace Medical Research Laboratory's Toxic Hazards Research Unit (THRU).
Both fuels were studied under identical protocols. Exposures were subchronic continuous
90 day fuel vapcr inhalation exposures. Inhalasion chamber fuel vapors were generated by
passing the fuel through a column heated to 120 F. Three animal species were employed
(mice, rats and dogs) with both sexes being represented by rats and dogs. A summary of
the clinical tests performed on rats and dogs at the end of the exposure period and on
rats at the end of two years is shown in the table. Forty-two tissue samples are being
taken from all of the animals at the 90 day point and from the mice and rats at the two
year point. Tissues and blood samples taken at the two year point are intended to
provide information on the long term effects of fuel exposure and also on the tumor
formation potential. Table 4 indicates the inhalation chamber fuel vapor concentrations.
There was one unexposed control group for each fuel tested.

TABLE 4

FUELS COMPARATIVE TOXICITY STUDY
SUMMARY OF INHALATION STUDIES AT THRU

I

FUEL TEST CONCENTRATIONS
v 4 3
| I Petroleum JP-5 750 mg/m
Q‘ 150 mg/m3
Shale JP-5 750 mg/m>
) 150 mg/m>

-
.

Results of the 90 day continuous studies showed an apparent dose related kidney
effect in male rats. 1In an attempt to further define this effect another inhalation
study was conducted. Two groups of 18 male and 18 female rats were exposed to shale JP-
5 fuel vapors in two cubic meter chambers. The exposure concentrations were 50 mg/m?®
and 500 mg/m® and were 6 hour/day 5 day/week exposures for a total of 80 exposures. An
equivalent unexposed group was held in an adjacent chamber to serve as a control. Table
S outlines the study protocol. The table shows the list of clinical measurements per-
formed. Emphasis in this study was placed on kidney function tests.
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TABLE §
SHALE JP-5, 6 HR/DAY EXPOSURE STUDY

Laboratory:
Duration:
Concentration:

Animal Complement:

Clinical Tests:

Histopathology:

NMRI/Toxicology Detachment

16 Weeks (80 exposures)

S0 mg/m® and 500 mg/m®

(At both JP-5 concentrations)

Rats: 18 Male and 18 Female

BUN, Creatinine Clearance, Albumin, SGOT, SGPT, LDH, Urine
Volume, Urea Clearance, Body Weight, Glucose, Total Bilirubin
Major Organs

Before 1 describe the results of these experiments up to this time, I think a view
of the schedule and milestones of these studies is appropriate. Figure 1 depicts the
time schedule we have been following. As you can see the exposure phase and the animal

Calendar Year
77 | 78 | 79 | 80 | 81 | 82 |

Petroleum JP-5

ZZ) I

Shale JP-5 7 TR
A | 4 | Al Al A ] A
e Exposure
] Animal Holding
[ Histopathology
A Annual Technical Reports

Figure 1. Fuels Comparative Toxicity Study - Schedule.

holding phase of the 90 day continuous inhalation experiments have been completed.
Clinical test results at the 90 day point for each fuel are complete and results of the
clinical tests from the two year, long-term follow-up of the petroleum fuel is complete.
Only petroleum fuels 90 day histopathology reports are complete, however. Both Air
Force and Navy demands at the Toxic Hazards Research Unit have saturated the pathology
branch capability causing some delay. The target date for the fuel final reports,
including the two year long-term effects follow-up, is late 1982. As you can see a very
large part of the shale fuel work is incomplete at this time.

RESULTS

Since the shale fuel work is incomplete I have only partial results to report at

this meeting.

Table 6 shows the results of the ocular and dermal irritation studies. Reaction to

TABLE 6

FUELS COMPARATIVE TOXICITY STUDY
SKIN AND EYE IRRITATION RESULTS

FUEL sKIN! EYE
Petroleum JP-5 None None
Shale JP-5 None None

Intact and abraded

— e it e A r—
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Skin sensitization results are summarized in Table 7. Sensitization potential is a

TABLE 7

FUELS COMPARATIVE TOXICITY STUDY
SKIN SENSITIZATION SUMMARY

SENSITIZATION1 SENSITIZATION2
FUEL POTENTIAL REACTION
Petroleum JP-5 Moderate Mild
Shale JP-5 Slight Mild

1 A measure of the number of test animals exhibiting a positive

reaction.
A measure of the severity of reaction:

Score: 0 - 25 No Reaction
26 - 99 Mild
100 - 200 Moderate
> 200 Severe

measure of the number of test animals exhibiting a positive reaction out of the 24
animals treated. Slight sensitization potential represents one to three animals respond-
ing and moderate represents four to 10 animals responding. Sensitization reaction is a
measure of the severity of the reaction of those animals responding. Neither of the
fuels tested were judged to be sensitizers according to the test criteria.

The effects of fuel vapor exposure on rat weight gain are summarized in Table 8.

TABLE 8

FUELS COMPARATIVE TOXICITY STUDY
RAT BODY WEIGHT EFFECTS SUMMARY

FUEL MALE FEMALE

Petroleum JP-5

3
750 mg/m3 }recovered o
150 mg/m + o
Shale JP-5
3
750 mg/m3 v incomplete o
150 mg/m v o

Arrows express trends seen in experimental animals compared to
controls

Rats exposed to the shale fuels have not been on the study long enough to see any definite
health trends. The only trend we can see from this incomplete data is that male rats may
be more affected by fuel vapors than female rats regardless of the fuel source. Dogs

were sacrificed after the 90 day exposure and there were no apparent effects from either
of the fuels during that time.

The histopathology report of rats exposed to petroleum JP-5 and sacrificed at 90
days indicated evidence for kidney injury in both exposure groups of male rats. The
injury consisted of nephropathy characterized by multifocal tubular atrophy and of focal
tubular necrosis at the cortico-medullary junction. Both lesions were more severe in the
750 mg/m* petroleum JP-5 exposure groups and appeared to be related effects, in that the
more severe the nephropathy was, the more severe the tubular necrotic lesions. These
changes were not seen in unexposed controls or in female rats. Neither were they seen in
the dogs. Table 9 is a summary of the significant clinical measurements taken at the 90
day sacrifice. The table shows only male rat data. Statistical significance expressed
here is measured between the fuel exposure group and its control and not between petroleum
and shale exposure groups. The female rat data although exhibiting what appeared to be
some random deviations from normal were as a whole within normal limits for the species,
Male rat chemistry changes shown in this slide were considered consistent with the histo-
pathologic findings of kidney injury.

A
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TABLE 9
90-DAY MALE RAT CLINICAL MEASUREMENTS
PETROLEUM JP-S SHALE JP-§
150 750 150 750
Control mg/m3 mg/m3 " Control mg/ms J mg/ms
BUN 14.9 17.0% | 18.58 17.8 17.4 20.3P
Creatinine 0.53 0.55 0.622 0.66 0.76° | o0.78P
A/G Ratio 2.5 2.33 2.02 1.37 1.2b 1.20

a Statistically different from controls at < 0.0S5.

Statistically different from controls at < 0.01.

At the end of the two year follow-up period, rats exposed to petroleum fuels did not
exhibit increased mortality.

Results of the shale JP-5 6 hour/day exposure study appeared to confirm the observa-
tion of kidney injury apparent in both the shale and petroleum 90 day continuous exposure
studies. Both groups of exposed male rats, after 20 exposure days, consumed more water
than the control males. Female exposed rat water consumption was not different from
female controls. Consistent with increased male rat water consumption was an increase in
urine output observed in the high dose rats. Table 10 shows this increased urine output.

TABLE 10

SHALE JP-5, 6 HR/DAY EXPOSURE STUDY
RAT URINE OUTPUT

CONTROL 50 mg/m3 500 mg/m3

Male
Mean 12.2 12.0 15.4
S.E. ( .9 (1.1} t .9)
Female
Mean 8.7 10.5 12.3
S.E. ( .6) (2.1) C .7

The female rats were not effected. Table 11 shows the increase in plasma creatinine
observed in high dose males while the female exposed rats showed levels not significantly
different from their controls.

TABLE 11

SHALE JP-5, 6 HR/DAY EXPOSURE STUDY
RAT PLASMA CREATININE

CONTROL S0 mg/m> 500 mg/m°

Male
Mean .69 .62 .84
S.E. (.03) (.04) (.04)
Female
Mean .68 .74 .71
S.E (.02) (.04) (.048)

Table 12 shows a significant decrease in the creatinine clearance of high dose male
rats; however, one unusually high creatinine clearance caused an apparent elevation in
the low dose males. The exposed females again exhibited no significant deviation from
controls.
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TABLE 12

SHALE JP-5, 6 HR/DAY EXPOSURE STUDY
RAT CREATININE CLEARANCE

CONTROL SO mg/m®> 500 mg/m°

Male N
Mean 1.25 1.60 .95
S.E.  .07) ( .16} ( .05)
Female
Mean .66 .66 .74
S.E. ( .03) ( .03) ( .08)

One animal had a high creatinine clearance of 2.65

DISCUSSION

Because the shale fuels inhalation phase of the comparative study has only recently
been completed and not all of the data is available, a comparison of shale versus petro-
leum fuel inhalation toxicity cannot be made at this time. The irritation studies are
complete and the results indicate both fuels could be considered non-irritants. Results
of the skin sensitization studies indicate both were non-sensitizers.

From the results of both the 90 day continuous shale and petroleum fuel exposure
study and from the shale fuel 6 hour/day study it is apparent that there is sex specific
kidney injury in the male rat due to exposure to this hydrocarbon fuel. The questions
of reversibility and of long term effects will not be answered until review of the data,
particularly the histopathologic data, is complete at the termination of lifetime holding
of the 90 day continuously exposed rats.

Although it may be premature to speak about the toxicity of a material that chemi-
cally may vary from batch to batch or change within a batch upon storage, it has been
our belief that at the very least the work will serve as a benchmark from which to
compare later shale fuels. At the very best we may hope for a clean bill of health for
an important alternate fuel.
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Differential Effects of Hydrazine Compounds
on B~ and T-Cell Immune Function

Melinda J. Tarr, DVM., P;z.g.;
Richard G. Olsen, Ph.D. 'S’
Department oﬁz Veterinary Pathobiology , Department j)f
Microbiology®, and the Comprehensive Cancer Center-,
The Ohio State University, Columbus, Ohio 43210

Summary

The immunotoxic effects of four hydrazine compounds were evaluated by
adding them to lymphocytes in the lymphocyte blast transformation (LBT) assay.
1,1-dimethylhydrazine (UDMH) caused an enhancement of the LBT response of
murine splenocytes to the B-cell mitogen lipopolysaccharide (LPS) at concen-
trations of 10-25 ppm. It also enhanced the LBT response of feline peripheral
mononuclear cells (PMC) to the T-cell mitogens concanavalin A (con A) and
pokeweed; and enhanced the LBT response of human PMC to con A, within the same
concentration range. Higher concentrations suppressed the LBT response.

The UDMH was also injected intraperitoneally into mice, which were then
evaluated for immune function by the LBT assay, and the Jerne plaque assay.
Certain dose regimens of UDMH resulted in an enhanced LBT response of spleno~
cytes to con A, as well as an enhanced number of antibody-secreting cells
against sheep red blood cells.

1,2-dimethylhydrazine (SDMH) exerted an effect similar to that of UDMH
when added to splenocytes in the LBT assay, causing an enhancement of the LBT
response to LPS at low concentrations, then a suppression at higher concen-
trations. Hydrazine (Hz) and monomethylhydrazine (MMH) suppressed the LBT
response of splenocytes to both con A and LPS, but the con A response was
significantly more suppressed than the LPS response at most concentrations
tested.

These results suggest that UDMH and SDMH abrogate suppressor cell
function, and that Hz and MMH suppress T-cell function (cell-mediated
immunity) more than B-cell function (humoral immunity).

As research in the field of immunotoxicology expands, researchers are finding that
numerous chemical compounds are capable of adversely affecting the immune system. These
effects often occur at subtoxic or subcarcinogenic exposure levels, Environmentalists
are concerned with industrial pollutants and residues which may cause subtle immune
dysfunctions after short- or long~term exposure. Chemicals which have been shown experi-
mentally and/o>r epidemiologically to be immunosuppressive include hexachlorobenzene (1),
polychlorinated biphenyls (1,2,3), polybrominated biphenyls (4), tetrachlorobenzo-p-
dioxin (TCDD) (5), lead (6), cadmium (6), mercury (6), and methylnitrosourea (7). Some
of these compounds such as TCDD are more toxic to the cell-mediated (T-cell) branch of
the immune system (5), others are thought to suppress the humoral (B-cell) system more.

Previous research reports suggest that the T-cell subset of immunoregulatory
("suppressor T") cells may be susceptible to many commonly used therapeutic agents, such
as cyclophosphamide (8) and methyldopa (9). Other drugs are frequently reported to be
associated with a "lupus erythematosus-like syndrome," (10) including phenylbutazone,
hydralazine, procainamide, isoniazid, and oral contraceptives. Further study of other
drugs and chemicals will undoubtedly reveal a vast number of agents which specifically
suppress T-cell or B-cell subsets.

The purpose of the studies reported here was to evaluate the effects of various

hydrazine compounds (used in rocket fuels) on T-cell and B-cell function as assessed by
lymphocyte blast transformation (LBT) response and plaque-forming cell response.

Materials and Methods

In Vitro Experiments:

Spleen cells:

Swiss outbred mice weighing 20-30 gms were sacrificed by cervical dislocation, and
the spleens aseptically removed and placed in Hank's balanced salt =solution (HBSS: Grand
Island Biological Co., Grand Island, NY). Sixteen to 24 mice (male and female) were used
to test each chemical. The spleens were separately teased, strained through #60 wire
mesh, and aspirated several times through a 25 g needle. The red cells were lysed with
an ammonjum chloride (0.15 M) lysing solution, and the white cells were then washed and
suspended in cell culture medium (CCM) consistiq; of RPMI 1640 (Grand Island Biological
Co., Grand Island, NY),supplemented with 2 X 107 M 2-mercaptoethanol, 10% fetal bovine
serum (Sterile Systems, Inc., L%gan, UT), and 1% antibiotic solution. The splenocytes
were counted and diluted to 10~ lymphocytes/ml. Viability was 97-100%. Percent of
lymphocytes ranged from 85-99% (other cells being macrophages or neutrophils).
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Feline and human cells:

Heparinized blood was drawn from normal adult specific-pathogen~free cats or from
healthy human volunteers. Peripheral mononuclear cells (PMC) were separated by centri-
fugation through a ficoll-diatrizoate (Ficoll-Paque, Pharmacia Fine Chemicals,
Piscataway, NJ) gragient, as described by Cockerell et al. (11). The washed PMC were
suspended at 1t X 10 cells/ml in RPMI 1640 with either 20% pooled feline serum (feline
PMC) or 5% human AB serum (Grand Island Biological Co., Grand Island, NY) (human PMC).

Lymphocyte blast transformation assay:

Microtiter plates (CoStar, Cambridge, MA) were filled with 0.1 ml cell suspension
(105 lymphocytes) per well. Concanavalin A (con A) (Sigma Chemical Co., St. Louis, M0O)
and lipopolysaccharide (LPS: derived from E. coli 0127:B8; Difco Laboratories, Detroit,
MI) were added to murine splenocytes in 10 ul aliquots (0.2 pg/well of con A and 10
ug/well of LPS). Con A (10 pg/well) and pokeweed mitogen (PWM) (Grand Island Biological
Co., Grand Island, NY) (4 pg/well) were added to feline cells; and con A (10 ug/well) and
phytohemagglut1n1n (PHA) (Difco Laboratories, Detroit, MI) (1 2 pg/well) were added to
human cells. Quadruplicate wells were set up for each mitogen and media control or
chemical combination (see below). Cultures were incubated %t 37°C in a 5% CO, humidified
incubator for 54 hrs, then pulsed with 0.5 pCi/well of -“H-TdR (New Engl&%d Nuclear,
Boston, MA) and harvested 18 hrs later using a multiple automated sample harvester (Otto
Hiller Co., Madison, WI). The glass fiber filter disks containing the harvested cells
were dried and placed in vials with scintillation cocktail. Counts per minute (cpm) were
obtained using a liquid scintillation counter (Packard Tricarb Model 3375, Packard
Instrument Co., Downers Grove, IL).

Chemical Treatment:

Hydrazine (Hz), monomethylhydrazine (MMH), and 1,1-dimethylhydrazine (UDMH) were
obtained in liquid form (Aldrich Chemical Co., Inc., Milwaukee, WI). They were diluted
with CCM and added to the cell culture at final concentrations ranging from 0.1-30 ppm
for Hz and MMH, and 10-200 ppm for UDMH. 1,2dimethylhydrazine (SDMH) was also obtained
in liquid form (Aldrich Chemical Co., Inc., Milwaukee, WI) and further purified to
crystalline form by Dr. Donald Witiak of the Dept. of Pharmacy, OSU. A stock solution
was made by dlssolv1ng SDMH in 0.1 N HCl at a concentration of 10 mg/ml It was then
further diluted in CCM to final concentrations of 5-250 pg/ml.

Viability
Cell viability was determined by the trypan blue dye exclusion test. One hundred
cells were counted for each determination, and the results expressed as

# viable cells X 100.

# total cells

Expression of results and statistics:

Corrected cpm values were determined as follows: (cpm of mitogen-stimulated
cultures)-(cpm of cultures with media alone). Percent of control response was determined
by: (corrected cpm of chemically treated cultures) —— (corrected cpm of untreated
cultures) X 100. Significant differences between groups were determined by the paired

student t-test.

In vivo UDMH experiments:

Swiss outbred mice were injected intraperitoneally with varying doses and schedules
of UDMH or phosphate buffered saline (PBS). Four days before sacrifice, some were
immunized intravenously with sheep red blood cells (SRBC) (0.2 ml of a 10% suspension).
After sacrifice, spleen cells were harvested as described and then lymphocyte function
was assayed by the LBT method as described, except without addition of chemicals to the
cultures, or by a modified Jerne plaque assay (see below).

Jerne plaque assay:

The agar-free slide modification described by Cunningham et al. (12) was used.
Direct and/or indirect plaque forming cells (PFC) were counted and expressed as number of
PFC/10~ spleen cells.

Results

Murine splenocyte LBT response; in vitro incubation:

Hydrazine caused a dose-related suppression of the LBT response to both LPS and con
A starting at a concentration of 0.1 ppm (Fig. 1). The response to con A was signifi-
cantly more suppressed than the response to LPS at doses of 0.1 and 1 to 20 ppm. The
responses ranged from 27.7 + 8.7% (standard error of the mean) of the control response at
30 ppm (p €.001) to 85.4 + 9.3% at 0.1 ppm (p €.001) for con A, and 34.5 +« 10.0% (p <€.001)
to 95.2 + 5.3 (p «.025) for LPS. Cell viability was slightly lower than control in the
LPS-stimulated cultures at 20 and 30 ppm (Table 1).
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The suppressive effects of MMH were very similar to- those of Hz (Fig. 1). The
response to con A ranged from 42.1 + 8.5% of the control response at 20 ppm MMH to 91.1 +
4.8% at 0.1 ppm. The response to LPS ranged from 67.8 + 9.5% at 20 ppm to 95.8 + 5.8 at
0.1 ppm. The response to LPS was significantly higher than the response to con A at 1 to
20 ppm. Cell viability was slightly decreased at 20 ppm MMH in the LPS-stimulated
cultures (Table 1).
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Figure 1. Effects of Incubation with Hz or MMH on the LBT Response of Murine Splenocytes
to con A and LPS. Expressed as Percent of Control (Untreated Cell) Response.

Unsymmetrical dimethylhydrazine caused a significant suppression of the response to
con A at concentrations of 25 ppm (89.5 + 5.6% of control response (p ¢.001)) to 150 ppm
(12.9 + 7.3 of control response; p <.001) (Fig. 2). The LBT response to LPS was
significantly enhanced at 10 ppm (113.9 + 9.5% of control response; p <.001) and 25 pmm
(112.2 + 10.9% of control response; p <. 01), and then suppressed at concentrations of 100
to 150 ppm (46.0 + 6.9; p<.001 to 12.9 + 7.3%; p &.001, respectively) (Fig. 2). The
viability of con A-stimulated cells was significantly lower than the control at 50-150
ppm while the viability of LPS-stimulated cells was decreased at 150 ppm (Table 1).

The effects of SUMH on the LBT response to con A and LPS were similar to those of
UDMH (Fig. 2). The response to con A was significantly suppressed starting at 25 pg/ml
(87.5 + 9.0% of control response; p <.005) while the response to LPS was significantly
enhanced at 5 to 50 pg/ml (highest at 25 ug/ml; 119.7 + 9.1% of control response;
p €.001). The response to LPS became lower than control at 75 pg/ml (83.3 + 13.0%;
p €.025).Cell viability was decreased at 150 ug/ml in the LPS-stimulated cultures, and at
50-150 pg/ml in the LPS-stimulated cultures.

Feline and human PMC LBT response:

Preliminary experiments were performed to determine the effects of UDMH on the LBT
response of human and feline PMC. The feline PMC showed a markedly enhanced LBT response
to PWM which was highest at 50 ppm UDMH (Fig. 3)(164.3 + 29.7% of control response;
p €.025). There was also a slightly enhanced response to con A at 10-50 ppm UDMH, which
peaked at 25 ppm (115.6 + 23.9; NS). The LBT response to PWM dropped below the control
value at 150 ppm UDMH and to con A at 75 ppm. The response to con A of the human PMC was

11 e ——r
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similarly affected by UDMH (Fig. 3), showing an enhanced response which peaked at 50 ppm
(110.3 + 2.8; NS), then falling below the control response at 150 ppm. The UDMH had
little effect on the human LBT response to PHA, showing only a slight decrease at the
highest UDMH concentration tested, 200 ppm (88.1 + 8.7% of control response; NS) (Fig.
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Figure 2. Effects of Incubation with UDMH or SDMH on the LBT Response of Murine Spleno-
cytes to con A and LPS. Expressed as Percent of Control (Untreated Cell)
Response.

Table 1, Viabilities of splenocytes treated with Hz, MMH, UDMH, or SDMH.

CPD Dose (ppm) Con A P LPS P Media P
Hz 0 (control 80.5 + 5.1 90.5 + 1.0 77.0 + 1.7
1 90.5 ¥ 2.2 NS 91.5 + 1.7 NS 83.0 + 1.9 p&05
10 79.0 ¥ 1.2 NS 85.0 + 4.7 NS 77.5 % 1.3 NS
20 76.0 *+ 4.5 NS 75.0 + 5.4  p<.025 69.5 ¥ 4.3 NS
MMH 0 (control) 87.0 + 4.7 88.0 + 2.7 78.0 + 3.6
.01 90.5 ¥ 2.2 NS 94.5 ¥ 1.9  p<.05 72.0 % b.2 NS
5 89.5 + 3.9 NS 94.5 + 1.7 pe¢05 68.5 + 4.0 NS
20 87.5 ¥ 3.9 NS 79.5 * 2.6 p¢.05  85.0 ¥ 1.9 NS
UDMH 0 (control) 86.5 + 2.2 91.5 + 1.5 80.0 + 5.9
10 80.5 + U.6 NS 95.5 + 0.5 pg.025 76.0 % 4.1 NS
50 67.0 ¥ 6.5 p<.025 92.0 + 2.5 NS 66.0 * 5.6 NS
100 68.3 + 8.0 p¢.05  89.0 * 1.9 NS 58.5 ¥ 2.1  p<.01
150 68.5 ¥ 3.9 p¢.005 78.0 % 3.5 p<.O1 65.0 = 7.0 NS
SDMH 0 (control) 82.6 + 5.4 87.4 + 2.0 82.0 + 2.8
5 86.0 + 3.0 NS 87.4 ¥ 2.9 NS 81.7 * 4.7 NS
10 84.6 + 2.9 NS 86.6 + 2.8 NS 80.0 * 3.6 NS
25 86.3 ¥ 4.1 NS 89.4 ¥ 3.3 NS 78.9 ¥ 4.0 NS
50 77.4 % 1.9 NS 78.6 ¥ 4.8 p€.025 77.2 % 3.6 NS
75 81.0 * 1.3 NS 77.6 + 3.4 p¢.01 81.2 ¥ 2.4 NS
100 74.2 ¥ 5.3 NS 63.8 * 5.4 p¢.001 75.2 ¥ 2.8  p<.05
150 70.2 + 3.6 p<05 65.6 + 4.0  pg.001
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Figure 3. Effects of Incubation with UDMH on the LBT Response of Feline PMC to con A and

: PWM, and of Human PMC to con A and PHA. Expressed as Percent of Control
i (Untreated Cell) Response.

In vivo UDMH experiments:

LBT assay: Short-term low dose treatment (e.g. 50 mg/kg UDMH daily for 3 days or 15
mg/kg single dose) resulted in an enhanced LBT response of the spleen cells to con A (up
to 1-1/2 times the response of cells from untreated mice) (Table 2), but did not affect
the LBT response to LPS. Higher doses of UDMH (single dose of 150 mg/kg) caused a
decreased response to LPS (Table 2).

" Table 2. Effects of Intrapegitoneal UDMH injections on the LBT response of spleen
cells to mitogens.

UDMH-treated Untreated control
- Dose UDMH Mitogen (CPM + sem) (CPM + sem) P-Value
. 15 mg/kg
& one dose con A 54894 + 11497 36741 + 13680 p<€.025
50 mg/kg/day
. 3 days con A 59085 + 7454 47701 + 4496 p<. 05
150 mg/kg
one dose LPS 69206 + 3696 76626 + 9038 p<.05
¢ a

Mice were sacrificed 24 hours after the last UDMH injection. Treated and control
groups each consisted of 8 mice (4 male, 4 female).

oo
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Jerne plaque assay: Female mice treated with 100 mg/kg daily for eight days (with

SRBC immunization on the fourth day of treatment) showed an increased number of direct
PFC (IgM-forming cells) (Table 3). In similar experiment, treated male exhibited an

increased number of indirect PFC (IgG-forming cells), with no difference in numbers of
direct PFC (Table 3).
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Table 3. Effects of intraperitoneal UDMH injections on PFC response to SRBC

b immunization.
1
Do PFC/10° spleen cells (x103)
) UDMH-treated Control P-Value
- Exp 12
i Male-direct 1.41 + 0.47 1.80 + 0.52 NS
? ) Female-direct 3.71 + 0.32 2.81 + 0.32 p<.005
$ X Exp. 2b
i Male-direct 0.55 + 0.14 0.51 + 0.11 NS
b Female-direct 0.18 ¥ 0.11 0.22 ¥ 0.10 NS
Male-indirect 2.05 + 0.53 1.41 + 0.18 p<€.05
Female~indirect 0.86 + 0.18 0.67 &+ 0.17 NS
: a

Mice (3/group) were injected i.p., with 100-mg/kg UDMH for 4 days, immunized i.v.
with 0.2 ml of a 10% SRBC suspension, treated 4 more days with UDMH, and
] sacrificed.

Mice (3/group) were injected i.p. with 100 mg/kg UDMH for 4 days, immunized i.v.
with 0.2 ml of a 10% SRBC suspension, rested two days, then treated 3 more days
3 with UDMH before sacrifice.

Discussion

in vitro mitogen-induced LBT responses of murine splenocytes. The response to the T-cell
mitogen con A was significantly more suppressed by MMH, Hz, and SDMH than the response to
the B-cell mitogen LPS. The UDMH and SDMH caused an enhancement of the B-cell response
to LPS at low concentrations, then a suppression of both T-cell and B-cell responses at
higher concentrations.

h These studies clearly show that hydrazine compounds exert a differential effect on
}
The enhancement of the LPS response as a result of incubation with UDMH and SDMH
r could be explained by a selective inhibition of suppressor T-cell function at lower
concentrations of UDMH and SDMH, As the concentrations increase, effector T-cell
p functions, as well as B-cell functions, decrease.
The possibility of a selective decrease in suppressor T-cell function induced by
UDMH is supported by the results of preliminary in vivo experiments in which spleen cells
from mice treated with UDMH showed an enhanced LBT response to con A or increased numbers
of PFC in the Jerne plaque assay, compared to untreated mice. Experiments are currently
underway involving long-term treatment of mice with different doses of UDMH after which
LBT response and PFC response will be measured. In addition, planned experiments
involving UDMH effects on in vitro suppressor cell function assays and identification of
suppressor cell subsets by membrane markers in UDMH-exposed lymphocyte cultures, will
hopefully determine if UDMH is indeed specifically inhibiting suppressor cell function
at certain concentrations.

i Incubation with UDMH resulted in a similar enhancing effect on the LBT response of
i lymphocytes from other species. Feline PMC showed an enhanced response to both con A and
A PWM which are T-cell mitogens in the cat. Human PMC also responded more to the T-~cell
mitogens con A and PHA during UDMH exposure. The enhanced response to T-cell mitogens
was not seen with murine splenocytes. This difference in response to T-cell mitogens may
reflect the different sources of lymphocytes (PMC from cats and humans, splenocytes from
mice).

e

Similar enhancing effects of various immune parameters have been reported for other
environmental pollutants at low doses. Holt et al. (13) noted that short-term exposure
of mice to NO or NO, gas resulted in enhanced LBT response to PHA; enhanced graft-versus-
host reaction; anf enhanced antibody response to T-dependent antigens, as well as
increased serum immunoglobulin levels. Long-term exposure, however, caused suppression
of these parameters. In another experiment, Sharma and Gehring (14) noted an enhanced
background response in cultured splenic lymphocytes from mice treated with low doses of
TrCDD. These mice also showed increased immunoglobulin levels, prompting the authors to
suggest "the hypothesis of an auto-immune response" as a result of TCDD treatment.
Again, higher doses of TCDD suppressed immunoglobulin levels and mitogen responsiveness.

.~

PR Ty

As mentioned earlier, a selective loss of suppressor cell function in the intact
animal is associated primarily with autoimmune disorders such as rheumatoid arthritis,
autoimmune hemolytic anemia, and systemic lupus erythematosus. A substituted hydrazine
compound, l-hydrazinophthalazine or hydralazine (used in clinical medicine to control
hypertension) has long been associated with side effscts of acute rheumatoid state and/or
disseminated lupus erythematosus (15), including the presence of antinuclear antibodies.
With the recent development of methods to identify the presence and function of the
suppressor T-cell subset, several drugs and compounds have already been found which
specifically inhibit suppressor T-cell function, and undoubtedly, many more will be
found in the future.
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HYDRAZINE EFFECTS ON VERTEBRATE CELLS IN VITRO
by
Ann E. Siemens, Margarita C. Kitzes and Michael W. Berns
Developmental and Cell Biology
University of California, Irvine
Irvine, California 92717

This study was designed to elucidate the cellular effects of hydrazine on four estab-
lished tissue culture vertebrate cell lines (rat kangaroo kidney, Xenopus toad kieney, human
diploid fibroblast and Chinese hamster cells) and primary cultures of neonatal rat myo-
cardial cells. Cells were exposed to hydrazine in various concentrations (0.001 mM to 10
mM) for varying tiine periods. The resulting growth and morphological data revealed a pos-
sible site of hydrazine action.

In all cell lines tested, population growth was depressed by low concentrations of
hydrazine (0.01 mM to 0.1 mM). Cell growth was initially depressed, but it eventually re-
turned to normal log phase growth even when fresh hydrazine was added to the culture medium.
At higher concentrations (0.5 mM to 2.0 mM), hydrazine was lethal. Most cell types first
showed population growth depression at 0.01 mM hydrazine, but the lethal concentration var-
ied with the cell type. Cultures treated with hydrazine yielded a signifigantly higher
number of giant, multinucleated cells. Autoradiography studies employing “H-thymidine con-
firmed that the large, multinucleated cells resulted from cell fusion.

The increase in cell fusion in hydrazine treated cell cultures implicated the cell
surface as a possible target site. Scanning electron microscopy confirmed concentration
related surface differences between control and hydrazine treated cells. Further membrane
studies examining the effects of hydrazine on the contractile and intercellular spontaneous
electrical activity of myocardial cells in culture indicated that hydrazine also altered
these membrane-related activities in a concentration and time dependent manner.

List of abbreviations: M=molar, mM=millimolar, m1=milliliter3 min=minute(s), x g=tines
gravity, mg=milligrams, N=normal, Fig.=figure, hr=hour(s), uCi=micro curies, SEM=Scanning
Electron Microscopy, V=volts.

INTRODUCTION

Hydrazine (NH;NH;) is a hydroscopic, highly polar reducing agent (Raphaelian, 1966).
This reactive compouné, described as the ammono analog of hydrogen peroxide, can be con-
verted to a variety of widely used alkyl derivatives. Both hydrazine and its derivatives
are used extensively in the production of photographic developers, agricultural chemicals,
and pharmaceutical products. The use of hydrazine both as an oxygen scavenger in industry
and as a major component in high energy rocket fuel cells constitutes its major commercial
uses. As a result of these applications, hydrazine and its derivatives are becoming more
prevalent in the environment, and their use has been criticized as a source of biological
hazard.

Previous studies have detailed the hazardous effects of hydrazine and related deriv-
atives. Hydrazine is known to effect pyrimidine-related mutations in DNA (Brown et al.,
1966; Brown, 1967, Gupta and Grover, 1970; Kak and Kaul, 1975), and it is easily derivatized
into a number of detrimental agents which act as both toxins and carcinogens. The most
studied of these agents include the toxins hydralazine, which interfers with smooth muscle
contraction (McLean et al., 1978), phenyl hydrazine, a hemolytic agent including anemia and
Heinz body formation (Jain et al., 1978) and monomethyl hydrazine, a metabolic inhibitor
(Dost et al., 1976). A carcinogenic relative of the latter derivative, dimethyl hydrazine,
has produced both colon and blood vessel tumors in several laboratory animals (Toth and
Wilson, 1971; Toth et al., 1976; Mak and Chong, 1978; Barkla and Tutton, 1978). More
specifically, some of these effects are produced in isolated cellular components cnly under
specific conditions of treatment (Brown, 1967; Kak and Kaul, 1975). The importance of these
studies may be underestimated or misinterpreted without a basic understanding of the impact
such compounds have on a wide variety of cell types when tested under controlled conditions.

The present study investigates the basic cellular responses of diverse vertebrate cell

types in vitro to the compound hydrazine. The results implicate the cell membrane as one
of the major targets of hydrazine action.

METHODS

Maintenance of Cell Cultures

The PTK; cell line, which was derived from normal adult male kidney of Potorous tri-
dactylus, was obtained from the American Type Culture Collection (CCL 56). TelTs wer& Trown
in minimum essential medium (Eagle) with Earle's salts supplemented with 0.085% sodium
bicarbonate, 10%_heat inactivated fetal calf serum and 0.011% pyruvic acid. Cultures were
maintained at 37°C in a 5% CO,, 95% air atmosphere in Falcon T-75 plastic flasks. Ceclls
were enzymatically detached from the flasks as follows: the supernatant overlying the cell
monolayer was aspirated from the T-75 flask and replaced with 4 ml of an enzymatic solution
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(0.25% Pancreatin, 0.1% EDTA in a balanced salt solution, pH 7.0). Cells detached from the
substrate during incubation (6 min., 37°C) and light pasteur pipetting. The enzymatic solu-
tion was diluted out with 5 ml of medium, and the cells were pelleted from the suspension

{5 min., 200 x g). The resulting supernatant was discarged, and the cells were diluted in
fresh medium for plating into either T-75 flasks (4 x 10° cells/ml in 10 ml of medium/flask)
for growth curves or into Rose multipurpose chambers (50 x 103 cells/ml, Berns et al., 1972)
for microscopic evaluation.

The A6 cell line (American Type Culture Collection, CCL 102), derived from primary
culture of normal male toad (Xenopus laevis) kidney, was maintained in Eagle's minimum es-
sential medium (Hank's salts) fortified with 10% heat inactivated fetal calf serum, peni-
cillin (100,000 I.U./liter) and streptomycin sulfate (0.0714 g/liter) in a 5% COz, 95% air
atmosphere at room temperature. For weekly subculturing and experimental set-ups, the cells
were enzymatically removed from the flasks as previously (described 4 min incubation at room
temperature) and plated into T-75 flasks for growth curves (4 x 10° cells/flask in 10 ml
of medium} or intoc Rose chambers (75 x 103 cells/ml) for microscopic evaluation.

Human diploid embryonic lung cells (WI28 were purchased from the American Type Culture
Collection (CCL 75). These cells were maintained in Eagle's basal medium (Earle’s salts)
with 10% un-inactivated fetal calf serum in a 5% CO;, 95% air atmosphere. For weekly sub-
culturing and growth curve experiments, the cells were enzymatically detached from the flask
as previously described with the following modification: the cells were incubated 5 min
at 37°C in an enzymatic solution consisting of 0.25% trypsin in a balanced salt solution,
pil 7.0.

Chinese hamster cells (CH), also referred to as the M(C-3 line, were generously provided
by Dr. Joe Gray (Lawrence Livermore lLaboratory, Livermore, CA). They were maintained in
minimum essential medium (Earle's salts) supplemented with 15% heat inactivated fetal calf
serum, 4.6% NCTC-135 (GIBCO, Grand Island, NY) and 60 mg/liter gentamycin sulfate (Schering
Corp., Kenilworth, NJ) in a 10% COp, 90% air atmosphere at 37°C in T-25 flasks (Falcon).
After enzymatic detachment fro? flasks (incubated S min, 379C), these cells were plated in
Falcon T-25 flasks at 2.5 x 10" cells/flask in 5 ml medium for growth experiments.

Hydrazine Stock Solutions

Hydrazine (m.w. 32.05, anhydrous, 97%) was supplied through the courtesy of Dr. Ronald
Shank (Univ. of Ca., Irvine). Stock solutions of 100 mM and 10 mM hydrazine were prepared
by dilution into 0.01 N HCl. The stock solutions were diluted from 50 to 1,000 fold in
tissue culture medium just prior to application on the cultures. Control cultures received
a corresponding amount of 0.01 N HCl without hydrazine in the medium. 1In the quantities
used, the addition of 0.01 N HC1l with or without hydrazine did not significantly alter the
pll of the medium,

Growth Response Curves

A. Normal Growth Curves

To study the growth effects of hydrazine on a particular cell line, the specified
quantity of cells were plated out in Falcon T-75 flasks in tissue culture medium. Sufficient
flasks were prepared such that two flasks were counted to determine each data point for a
given hydrazine concentration. At the specified times (indicated by arrows, Figure 1),
two flasks from the entire population were harvested as follows: the cells in a flask were
examined by inverted phase microscopy, washed with fresh medium to remove debris, enzymatic-
ally removed from the flask as previously described, and counted and sized by a Coulter
Counter-Channelyzer (model ZBi, Coulter Electronics). At this time, the medium in all the
remaining flasks was replaced with fresh medium and supplemented with the appropriate con-
centration of fresh hydrazine stock solution. Control cultures received fresh medium and a
corresponding aliquot of 0.01 N HCl1 without hydrazine. At each subsequent point of harvest,
two flasks of cells representing each hydrazine concentration were similarly harvested, and
the medium in the remaining !flasks was replenished again with fresh medium containing the
appropriate concentration of fresh hydrazine. The medium was changed at different intervals
in the various experimental schemes. The particular timing for each experiment is depicted
in the figures.

B. Time Growth Curves

To determine how the length of hydrazine exposure might correlate to hydrazine-induced
effects on ccll cultures, both PTK; cells and A-6 cells were trcated to a growth suppressive
concentration of hydrazine (1.0 mM) for varying lengths of time. 1In this experiment, the
cells were sct up and harvested in the previously noted manner incorporating the following
modifications: at the indicated initial exposure time (Fig. 2, arrows at day 2), an aliquot
of hydrazine stock solution was introduced into each flask of established cell cultures con-
taining freshly replenished medium. The f{lasks of cultures were then divided into sets
which would receive exposures to hydrazine for 24 hours, 96 hours, or throughout the duration
of the experiment (continuous). In the A6 cell line, the 24 hour flasks received just one
exposure to hydrazine (at the time point indicated); the 96 hour exposure received fresh
hydrazine after medium changes at the initial time point (arrow, Fig. 2), day3,-and dav
5; the continuous exposurc group rececived fresh hydrazine after medium changes at the initiai
time point (arrow, Fig. 2), aay 3, day $, and day 8. The PTK; cells received the same
schedule of treatment except the exposure time was at day 6 rather than at day 5, as indi-
cated for the A6 cells. Beyond the designated time of exposure, each flask in a set was
replenished with fresh medium and an equivalent aliquot of 0.01 NHC1 without hydrazine.
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The control flasks received fresh medium containing 0.01N HC1l at all time points indi-
cated in Fig. 2.

C. Selection Growth Curves

Flasks of A6 cells were plated out as previously described. Forty-eight hours after
establishing cell cultures, the medium in the flasks was discarded, replenished with fresh
medium, and supplemented with an aliquot of stock hydrazine solution to yield a final con-
centration of 1.0 mM. This procedure was repeated at 48 hour intervals up to the 10th day L
when the cultures approached confluency. At this point, these hydrazine "selected" cells
were harvested and plated out in flasks for growth analysis as previously described. The
above procedure was then repeated with the following modifications: both flasks of "se-
lected" A6 cells and parallel flasks of non-selected, '"naive" A6 cells were treated as
described with 1.0 mM hydrazine at the points indicated in Fig. 3 throughout the experiment.
Parallel flasks of "selected" cells receiving a corresponding aliquot of 0.01N HCl without
hydrazine served as a control. |

PTKp Large Cell Analysis

PTK; cells were established in Rose chamber cultures as previously described except that
experimental chambers were plated out in medium containing 1.0 mM hydrazine. The chambers
received fresh medium (control set) and medium containing 1.0 mM hydrazine (experimental
set) at 48 hr and 96 hr post plating. Each of three chambers constituting a set was then
photographed at twenty random sites (40X, Kodak Panatomic X film, ASA 32) with a Zeiss photo-
microscope. From the photographs, the frequency of multinucleation occurring in both the
control and experimental population was tabulated. Statistical differences between the two
populations were determined by the two tailed t-test with at least 95% confidence.

PTK> Cell Fusion Assay

Two sets of duplicate T-25 flasks were set up with 10° PTK2 cells in 5 ml of medium.
One set of duplicate flasks received 1.0 mM hydrazine 24 hr after plating, and the second
set served as a control. Fresh medium was substituted 36 hr later with one flask from each
set receiving 3H-thymidine (2uCi/ml, ICN Pharmaceuticals, Irvine, CA). The cells in each
set of flasks were pulsed for 8 hr, rinsed, enzymatically removed and co-suspended into a
a common culture containing both “H-thymidine-labeled and regular cells. Each mixed culture
set was plated into two Rose chambers (40 x 103 cells/ml medium) with experimental chambers
again receiving 1.0 mM hydrazine. After 12 hr, glass coverslips with the adherent cells
were fixed in medium containing 2% diglutaralehgde (EM grade, Polysciences, Warrington, PA)
for 1 hr at room temperature and overnight at 49°C. The coverslips were then washed in phos-
phate buffered saline and mounted on glass microscope slides. Autoradiography was performed
in total darkness as follows: the slides were dipped into a 33% aqueous solution of Ilford
nuclear research emulsion type L-4 (batch PL-729, CIBA-GEIGY Co., I1ford, Ltd., Basidon
Essex, Essex, England), dried for 1 hr at room temperature and stored in a dessicant-con-
taining, light tight box (4°C). One week later, the slides were developed using Kodak D-19
developer (5 min), 1% aqueous acetic acid stog (15 sec), Kodak fixer (5 min) and water
rinse (20 min); all solutions were used at 18°C. The autoradiographs were stained in a

filtered, saturated aquequs methylene blue solution (15 min nd destained with water.
Permanent mounts wereqma e o? thg sl?des after a sérges o% )tﬁano] Segygrations.

Electron Microscopy

Xenopus cells (75 x 105 cells/ml) were plated into Rose chambers in medium containing
either (.01N HCl1 with hydrazine (final experimental culture hydrazine concentrations from
0.0l mM to 1.0 mM) or corresponding amounts of 0.01N HC1 alone (control cultures). Fresh
medium containing hydrazine was added at 48 hr. After 3 days, the cells were fixed in medi-
um with 2% glutaraldehyde (30 min at room temperaturc, and overnight at 4°C), and the adher-
ent cells on the glass coverslips were processed for SEM according to the procedures de-
scribed by Cohen et al. (1968). The coverslips were rinsed 5 min in phosphate buffered
saline and run through a series of 5 minute dehydrations in aqueous ethanol (50-100%). This
was followed by a series of 10 minute ethanol-freon dehydrations (30-100% freon 113),
critical point drying (Omar SPE-900EX) utilizing freon 113, and gold evaporation (Technis
Hummer [I, 3 min at 10 V). Coverslip specimens were mounted with silver paint on aluminum
studs and analyzed on a Hitachi HS500 scanning ¢lectron microscope (15-20 KV, tilt angle of
30-55°). Random samples of cells on the cove! | s were examined with regard to the quantity
of cell surface projections (light, moderate, .cavy surface detail) that each cell dis-
played. Tabulations of the number of cells displaying each type of surface detail were
prepared from each specimen by an investigator who was unaware of which specimen corresponded
to ecach hydrazine concentration. Evaluation of the observed data was verified with the
student's t-test (confidence level at least 95%).

Heart Culturec/Electrophysiology

Neonatal rat (1-2 days old) ventricular cells were cultured in Rose chambers according
to the methods previously described (Kitzes and Berns, 1979). Glass micropipette micro-
electrodes filled with 2.7 M K citrate were utilized for intracellular recording. Electrodes
were selected with resistances between 20 megohms and 50 megohms. Individual contracting
myocardial cells were selected for impalement by observation through a Nikon inverted phasc
microscope. The microclectrode was carefully lowered into the selected cell using a de
Fonbrune pneumatic micromanipulator, and the electrical properties of the cell were recorded
and analyzed according to the procedures described earlier (Kitzes and Berns, 1979). Re-
cordings were made both before exposurc to hydrazine and during the indicated times after
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the medium bathing the cells was replaced by medium supplemented with 0.01 mM, 0.1 mM or
1.0 mM hydrazine.

RESULTS

Figure 1 demonstrates the basic dose related growth response of four cell types to
hydrazine concentrations of 0.01 to 10 mM. Although the different cell types expressed
varying degrees of sensitivity towards hydrazine, all cell types showed several common
responses. Hydrazine was cytotoxic to all populations tested at dosages ranging from 0.5 mM
to 4 mM, depending on the cell type. At lower concentrations, hydrazine produced a dose
dependent suppression (but not complete inhibition) of population growth with 0.01 mM to
1.0 mM being the threshold range of response for most cell types tested. For each cell type,
there appeared an optimum dose (OD) of hydrazine which initially suppressed population
growth from control levels and yet allowed the treated population to recover to log phase
growth. This dosage appeared to be 1.0 mM for PTK;, 1.0 mM for A6, 0.1 mM for W138 and
0.05 mM for CH cells. The return of OD treated populations to log phase growth implies that
either the action of hydrazine on a cell may be short-lived or that non-hydrazine sensitive
cells in the population are being selected for.

In addition to being dose dependent (Fig. 1), the growth suppression seen in both A6
and PTK; cell types appeared to be related to the length of time of hydrazine exposure.
The effects caused by various exposure lengths of 1.0 mM hydrazine on PTK, and A6 cells are
illustrated in Fig. 2. These cugtures were replenished with medium contalining fresh hydra-
zine at the initial exposure point (arrow) and at every subsequent data point up to 24 hours
or 96 hours. The cultures designated "continous" received fresh hydrazine-containing medi-
um at each data point throughout the experiment. Beyond the designated time of treatment,
the medium was replaced at each data point with frcsh medium containing no hydrazine. The
net population increase observed in cultures receiving fresh hydrazine containing medium at
every point beyond induction is noteworthy. It suggests either a selection of genetically
resistant cells or a physiological adaptation of cells to hydrazine. It is not likely that
the observed effect is due to hydrazine breakdown in the medium; if this were occurring,
at least an initial depression in growth rate should be observed after exposure to each
fresh hydrazine application.

To test for the selection of hydrazine resistant cells, OD treated A6 cells which
achieved log phase growth (day 10) were replated and treated anew with fresh hydrazine
(Fig. 3). The "selected" cells responded to hydrazine treatment with severe population
growth suppression similar to the untreated '‘maive' cells. The difference between the

‘srowth rates of 'selected" and "naive'" cells was insignificant when compared to the control

growth rate. There was no appreciable difference between growth rates of untreated "naive"
and untreated '"selected" controls (data not shown). These results indicate that no genetic
selection was operating in the observed recovery from hydrazine-induced growth suppression.
Further attempts to detect hydrazine-induced genetic mutation in several cell lines via
ouabain resistance and growth in sloppy agar were completely unsuccessful.

Besides unsuccessiul mutation assays, several other experiments were pertormed to
detect hydrazine-induced ccllular anomalies which could account for the behavior of the
experimental populations. Examination of carlier Coulter counter data of control and hydra-
zine treated populations revealed an apparent cell size increase in the experimental cul-
tures {(Fig. 4). In a typical dose response growth curve of 72 hr treated populations, the
experimental cultures had a measurably larger mean cell volume than the control cultures
(plots of cell populations are taken from day 5 samples of control and 1.0 mM treated A6
and PTK; cells shown in Fig. 1). Further microscopic analysis of PTK, cells revealed sig-
nificantly more multinucleate cells in 1.0 mM hydrazine treated populations than in control
populations (Table 1, Fig. 5). This threefold increase in multinucleation resulted in
each of triplicate experiments performed.

The increase in cellular multinucleation suggests that hydrazine may act to produce
either abnormal mitosis resulting in multiple nuclei or cell surface alterations promoting
cell fusion. Experiments were undertaken to test for both possibilities in 1.0 mM treated
cell populations. Because PTK; cells remain perfectly flat throughout mitosis (Rattner and
Berns, 1974), it was possible to carefully observe mitosis by light microscopy. Studies
employing still and time lapse photography revealed no difference in mitotic abnormalities
between control and treated populations. However, evidence for increased cell fusion in
hydrazine treated populations implicated the cell surface as a possible target site for

ydrazine action (Table 2). In a mixed population of PTK, cells having either regular or
H-tagged nuclei, the presence of multinuclcated cells containing both types of nuclei
(tagged and untagged) suggested that cell fusion was occurring. There was a fivefold in-
crease of these types of cells in the hydrazine treated populations as compared to the
control populations (Fig. 6 and Table 2). Furthermore, the quantity of these cells com-
prising the entire multinucleate population of a culture was significantly higher (1.5
fold) in the hydrazine exposed cultures than in control cultures.

To further investigate membrane effects, cell surface morphologies of hydrazine treated
and control A6 cells were studied (Fig. 7). Table 3 presents data showing the effect of
hydrizine on the cell surface. It is clearly evident that there is a significant, inverse
relationship between the hydrazine concentration a cell received and the amount of SEM de-
tectable cell surface projections it displayed. Furthermore, this inverse relationship is
concentration dependent, paralleling the results of the growth response curves.
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Since the cell fusion data and the SEM data implicated the cell membrane as a primary
site of hydrazine action, additional studies were undertaken to examine the effect of hydra-
zine (0.01 mM to 1,0 mM) upon membrane as-cociated electrical and contractile activities of
neonatal rat myocardial ventricular cells in culture.

A typical intracellular recording of spontaneous action potentials recorded in a rhyth-
mically contracting heart cell is shown in Fig. 8a. The resting membrane potential is
approximately -60 mV, and the action potentials occur at a rate of approximately 1 per sec-
ond. In Figs. 8b and 8c are shown typical recordings 1C min and 20 min following exposure
of the culture to 0.01 mM hydrazine. Three effects are apparent: (1)} a depolarization of
the resting membrane potential, (2) a reduction of action potential amplitude, and (3) a
disruption of discharge rhythmicity. These electrical changes were accompanied by a dis-
ruption of the rhythmic contractile behavior of the cell. However, electrical activity
returned to almost normal status 30 min after cells initially received medium containing
0.01 mM hydrazine (rig. 8d).

Exposure to 0.1 mM hydrazine (Fig. 9b) resulted in (1) a more severe reduction in mem-
brane potential that is still evident 15 min after exposure, (2) a complete absence of
action potential discharge, and (3) arrhythmic baseline activity. During this time, the
cell was not contracting. At this hydrazine concentration, the cells resumed normal elec-
trical and contractile activity after 45 min in the hydrazine supplemented medium (Fig. 9c¢).
Cells exposed to 1.0 mM hydrazine (Fig. 10) did not recover after 45 min to 1 hr in the
experimental medium. At this time (Fig. 10), only very aberrant electrical activity accom-
panied by occasional small and typical contractile activity was observed. However, these
cells resumed apparently normal electrical and contractile activity 15 min after the hydra-
zine-containing medium was replaced with normal medium (data not shown).

DISCUSSION

The purpose of this study was to examine the basic cellular effects of hydrazine.
Previous studies have linked hydrazine and its derivatives with carcinogenic and mutagenic
effects. Carcinogenic effects of the hydrazine analogue 1, 2, dimethyl hydrazine have been
reported in vivo in studies of rodent intestines (Barlka and Tutton, 1977, 1978; Jacobs,
1977; Mak and Chong, 1978; Richards, 1977; Sunter et al. 1978; Toth et al. 1976} and blood
vessels (Toth and Wilson, 1971). Hydrazine has been shown to mutate DNA from a variety of
sources (Raphalian, 1966; Dave, 1977; Brown, 1967; Brown et al., 1966; Gupta and Grover,
1970; Kak and Kaul, 1975; Kimball, 1977; Kimball and Hirsch, 1975, 1976; Lemontt, 1977).
These effects appear as the result of the chemical treatment of selected target tissues
under specific conditions. In this study, however, a diverse variety of tissue culture
cell types were employed to ascertain the basic cellular effects of hydra:ine.

The noted hydrazine-induced growth effects shown in this study could be classified into
two basic types of responses. First of all, the cells demonstrated a concentration dependent
responsc to hydrazine treatment (Figs. 1, 8, 9, 10 and Table 3). In these studies, different
hydrazine concentrations, usually spanning 3 or 4 orders of magnitude, caused effects
ranging from imperceptible cellular changes to lethality. Within this concentration range,
the cells could survive, proliferate, and function. Secondly, in the growth response curves,
the growth rate remained depressed while cells received intermittent rechallenges to the
higher hydrazine concentrations; however, the growth rates resumed normal log phase levels
when hydrazine containing medium bathing the cells was replaced with normal medium (Figs.

2, 3 Control--see Methods). At the lower concentrations of hydrazine treatment, the cells
exhibited an initial depression in growth, but, upon re-exposure to fresh hydrazine, they
appeared to attain a normal growth rate. Likewise in heart cell cultures, the aberrant
electrical and contractile effects produced by the presence of 1.0 mM hydrazine abated when
these cell: were washed and bathed in normal medium. In the presence of low hydrazine con-
centrations, treated heart cells appeared to show some recovery from the observed erfects
(Figs. 8, 9).

The mechanism whereby treated cells rebound in the presence of fresh hydrazine is un-
clear. It seems possible that this "tolerance'" or "recovery'" may be due to an increased
capacity of exposed cells to inactivate hydrazine or its effectual metabolite. The produc-
tion of "tolerant" cells in the presence of hydrazine could also suggest the selection of
genetically resistant cells or the alteration of an affected organelle to a hydrazine-
refractory state. Regardless of the mechanism, it appears that hydrazine evokes some form
of selection or tolerance. This observation is supported by data showing that entire pop-
ulations, rather than a few selected cells, seem altered by hydrazine treatment (Figs. 3,
4). Furthermore, Fig. 3 indicates that, in the tissues studied, hydrazine acted in a dis-
ruptive but non-mutational manner. It therefore seems logical that hydrazine may elicit
these concentration dependent and reversible responses by actively and non-mutagenically
interfering with a common cellular site in a wide spectrum of cell types. The SEM and
clectrophysiological studies, which were done on very different cell types, suggest that
the cell surface may be a common target site of hydrazine action. Furthermore, the increase
of multinucleation by cell fusion seen in hydrazine treated cultures also indicates that
the cell surface is a major site of this compound's action.

The above observation is further supported by the literature in which hydrazine deriv-
atives have been shown to elicit a wide varicty of effects in studies performed on biological
membranes (Balduini, et al., 1977; Barkia and Tutton, 1977; Braun and Wolfe, 1977; Caroni,
1977, Jain and Subrahamanyam, 1978; Jain et al., 1977; Jain et al., 1978; Katsumata et al.,
1977, MclLean ct al., 1978; Tsau et al., 1977; Walter ct al., 1978; Zimmer, 1977). The
observations of these numerous studies support the view that the hydrazine-induced cellular
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effects seen in our data stem from membrane interactions with this compound. Furthermore,
it seems logical that such a strong reducing agent as hydrazine would directly affect the
cell structure it first contacts.
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Fig. 1. Growth response curves of four cell lines (PTK,, WI-38, A-6 and CH to solutions
containing the indicated hydrazine concentrations. Cells were exposed to fresh hydrazine
at every point along the graph throughout the duration of the experiment. Arrows indicate
the point of initial treatment.
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iig. 3. Effects of 1.0 mM hydrazine on the growth rates of two suh-populations of A6 cells.
“"selected' cells, which had been grown to confluency in the presence of 1.0 mM hydrazine,
and "naive" or unselected A6 cells. Both populations were treated with hvdrazine throughout
the experiment from initial time of exposure (indicated by arrow).

iy, {see preceding page) Growth curves of A6 cells and PTK, cells treated with 1.0
mM h»dra*xne for varying exposure periods. Established cultures“received mediumcontaining

fresh hydrazine at each point from the initial point of treatment (indicated by arrow) up
to the designated time - 24 hours, 96 hours, or throughout the duration of the experiment
{continuous). Beyond the indicated treatment, the cultures received fresh medium without
hydrazine at each subsequent point.
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Table 1. Incidence of multinucleation occurring in both control PTK, cultures and
experimental cultures treated for 2 days with 1.0 mM hydrazine.

Uninucleated Multinucleated Total 7
cells cells cells
(%) (%)
Control Cultures 92 8 170
Experimental Cultures 78 22% 159

(hydrazine treated)

* Hydrazine treated cultures had significantly more multinucleate cells than did controls
(at least 95% confidence).

Fig. 5. Phase contrast micrographs of PTK; control cultures (A) and 72 hr, 1.0 mM hydrazince
treated cultures (B). Magnification = 2200X.
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Table 2. Incidence of cell fusion occurring within the multinucleated populations in both

{ control PTK; cultures and experimental cultures treated for 3 days with 1.0 mM
hydrazine.

Uni Multi- Similarly® Dissimilarly®
} . nucleated nucleated Labeled Labeled
cells cells Nuclei Nuclei
(%) (%) (%} (%}
Control 95 5 4 1
Cultures
&
Experimental 85 15 10 S
Cultures
8 Refers to multinucleated cells containing either all normal or all 3H-thymidine tagged
nuclei.
b Refers to multinucleated cells containing both normal and 3H—thymidine tagged nuclei.
*

Hydrazine treated cultures had significantly more dissimilarly labeled multinucleated
cells than controls did (confidence level at least 95%).

B

LV gl e e
. . R 9 .

Fig. 6. PTK, cell cultures, stained after autoradiography with methylene blue, from con-
trol (A) and 32 hr, 1.0 mM hydrazine trcated (B) cultures. Cells containing both labeled
and unlabeled nuclei were formed hy cell fusion. Magnification = 1900X.
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Table 3. Effects of various hydracine dosages on SEM detectable Xenopus cell surface
projection.

Cells with Cells with Cells with Total +#
Hvdrazine Light Surface Moderate Surface Heavy Surface Cells
Concentration Projection Projection Projection Sampled
(mM) (%)
0 24 37 39 196
0.01 35.5 31.5 33 186 ]
0.1 o0 31.5 8.5 188
.0 79 17 4 203

Statistival analvsis verified a significant difference in the quantity of light or heavy
cell surface projection present between populations of control cultures and populations
receiving either 0.1 mM or 1.0 mM hydrazine (confidence level at least 95%).

Fig. 7. Scanning electron micrographs of A6 cells which typify (A} heavy, (B) moderate,
and (C) light cell surface projections. Bar = 5Sum.
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SUMMARY

Hydrazine is used in the United States Department of Defense as a bipropellant
mixture with unsymmetrical dimethylhydrazine in missile operations, as a monopropellant
to power aircraft emergency power svstems, and as an oxygen scavenger in shipboard
boiler water treatment. It also finds a wide variety of uses in the civilian community.
For more than a decade it has been known that hydrazine administered orally at high
doses in mice caused increased tumor formation. However, no data were available to
evaluate the cancer-producing hazard from occupational inhalation exposures. Studies
were therefore conducted to evaluate the long-term effects of airborne hydrazine at
levels near the present and proposed Threshold Limit Value concentrations. Repeated
daily inhalation exposure to 5 parts per million (ppm) hydrazine induced nasal tumors
in Fischer 344 male and female rats and in male Golden Syrian hamsters., Repeated
exposure to 1 ppm also produced nasal turbinate tumors in rats and pulmonary adenomas
in female C57B1/6 mice. The inhalation exposures to the rodents were conducted for
6 hours per day, 5 days per week over a 12-month period. The hamsters were held for
an additional 12-month postexposure observation period and the survivors were necropsied.
Rats and mice were held 18 months postexposure. The nasal turbinate tumor incidence in
rats was dose related. Increased tumor incidence occurred in both mice and hamsters at
the maximum tolerated repeated inhalation dose. No statistically significant tumorigenic
effects occurred after repeated exposure to 0.05 and 0,25 ppm hydrazine concentrations
which spanned the American Conference of Governmental Industrial Hygienists recommended
Threshold Limit Value.

BACKGROUND

Hydrazine (N,H,) is a highly reactive reducing agent which is widely used as an
intermediate in organic synthesis and either singly or in combination with other hydra-
zines as a missile propellant. An important and increasing use of hydrazine is that of
a boiler feed water additive as an oxygen scavenger. It is a colorless polar liquid,
weakly basic, and it fumes in air. It has a slightly ammoniacal odor.

Clark! provided a detailed review of the toxicology and pharmacology of propellant
hydrazines. Hydrazine is a strong convulsant at high doses but may cause central nervous
system depression at lower doses, Animals may die acutely of convulsions, respiratory
arrest, or cardiovascular collapse within a few hours of an acute exposure by any route
of administration, or may die two to four days later of liver and kidney toxicity.?,3
Jacobson et al." reported the 4-hour LCsq value as 252 ppm (330 mg/m3) for the mouse
and 570 ppm (750 mg/m?) for the rat. HouseS exposed monkeys, rats, and mice to a
hydrazine concentration of 1.0 ppm continuously for 90 days. Though mortality was very
high, some animals survived. Ninety-six percent of the rats and 98% of the mice died
during the exposure, while monkeys proved to be the most resistant species with only a
20% mortality. Comstock ct al.® exposed dogs, in separate experiments, to 5 and 14 ppm.
Two dogs survived the repeated six-hour exposures to 5 ppm hydrazine for six months,
and two of four dogs lived after 194 six-hour exposures to 14 ppm. Two of four dogs
died during the third and fifteenth weeks in a debilitated condition. The dog that died
during the fiftcenth week had a severe convulsive scizure prior to death. Prior to
death, both dogs showed signs of anorexia and general fatigue. Changing diets and
forced feedings resulted in the survival of the remaining two dogs.

A six-month chronic inhalation study of hydrazine was reported by Haun and Kinkead’
which employed four exposure groups and an unexposed control group. Each group was
comprised of 8 male beagle dogs, 4 female rhesus monkeys,.S0 male Spraguc-Dawley rats, )
and 40 female ICR mice. The cxperimental groups were exposed to vapors of hydrazine
either at concentrations of 1.0 or 0.2 ppm continuously, or at 5.0 and 1.0 ppm inter-
mittently. The continuous exposures werc designed to approximate the same weckly doscs
of hydrazine received by the intermittent exposure groups, with continuously exposed
animals receiving 168 and 33.6 ppm-hours of hydrazine/weeck and intermittently exposed
animals 150 and 30 ppm-hours/wcek. Dogs exposed at the higher dose levels, either inter-
mittently or continuously, exhibited 10-20% reductions in erythrocyte, hematocrit, and
hemoglobin values which continued throughout the six-month exposurc but returncd to
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control values within two weeks after the exposurc ended. Hematology values for dogs
exposed to lower doses remained within the normal limits of the control group.

Rats showed a dose-related growth rate depression and a sustained difference in
group average weights of up to 35 grams throughout the exposure. Weight loss in dogs
which occurred only in the high dose group was recovered within two weeks postexposure,
suggesting that the loss was due to appetite suppression. Gross and microscopic exami-
nation of tissues from these animals taken at termination of the exposure showed fatty
liver changes in mice and dogs at the high exposure dose levels but no exposure-related
changes in the livers of monkeys and rats,

Ten mice and 10 rats from each of the exposure groups were held for a year post-
exposure period. Most of the rats in the two high dose groups died within 6-8 weeks
postexposure from chronic pulmonary disease. This infection spread to the other groups
housed in the same animal room. Consequently, none of the rats survived long enough to
evaluate the carcinogenic potential of inhaled hydrazine for this species.

Approximately half of the mice in each group were alive one year postexposure.
Tumorigenic changes in these mice were reported by MacEwen et al, in 1974.8 Mice
exposed to the high doses (continuous exposure to 1 ppm hydrazine or intermittent
exposure to 5.0 ppm) had increased incidences of alveolargenic carcinomas, lympho-
sarcomas, and hepatomas. Both lower dose groups had an increased incidence of
alveolargenic carcinomas when compared with unexposed controls. The total tumor
incidence appeared to be dose related: approximately 87% tumor incidence occurred at
the high dose level; 33% at the low dose level; and 12% in the unexposed control group.
Although the group sizes were very small, the findings were important in that they
demonstrated tumorigenic response at the current Threshold Limit Value.

Since hydrazine inhalation at the Threshold Limit Value increased the incidence of
pulmonary tumors in mice, a more comprehensive oncogenic study of hydrazine effects on
multiple species was undertaken.

SXPERIMENTAL DESIGN AND- RESULTS

The objectives of this study were to evaluate (a) the chronic effects of inhaled
hydrazine on rats, mice, hamsters, and dogs and (b) the oncogenic potential of hydrazine
in rodents observed for a maximum period of 1-1/2 years after one year of industrial-
type inhalation exposure. The animals used in this study were C57B1/6 mice obtained
from the Jackson Laboratories, CDF (Fischer 344 derived) albino rats from Charles River,
Engle Golden Syrian hamsters, and beagle dogs. The number of animals of each species
and sex are listed in Table 1 which also shows the exposure concentrations.

TABLE 1. EXPERIMENTAL DESIGN FOR HYDRAZINE INHALATION
EXPOSURE CONCENTRATIONS

Hydrazine Number
Concentration, ppm Species and Sex of Animals
0.05 Rats, male 100
Rats, female 100
Mice, female 400
0.25 Hamsters, male 200
Mice, female 400
Rats, male 100
Rats, female 100
Dogs, male 4
Dogs, female 4
1.0 Hamsters, male 200
Mice, female 400
Rats, male 100
Rats, female 100
Dogs, male 4
Dogs, female 4
5.0 Rats, male 100
Rats, female 100
Hamsters, male 200
Control Rats, male 150
Rats, female 150
Mice, female 800
Hamsters, male 200
Dogs, male 4
Dogs, female 4
The exposure concentrations were selected to span the range from a certainly toxic ;
level to the current Occupational Safety and Hlealth Administration (OSHA) Threshold
Limit Value for exposure to hydrazine (1 ppm) and the proposed American Conference of H
Governmental Industrial Hygienists (ACGIH) Threshold Limit Value of 0.1 ppm, The 5 ppm i
exposure concentration was selected as a maximum tolerable exposure dose which would 7
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2 produce some biological response without causing death in hamsters and rats., Mice and
dogs were not exposed at this concentration, because prior studies (Haun and Kinkead?)
had shown that repeated daily exposures to 5 ppm hvdrazine caused death in these species.

v The inhalation exposures were conducted on a 6 hour/day, 5 day/week schedule for a
one-year period without exposures on weekends and holidays, The animals were exposed in
Thomas Dome exposure chambers (Thomas?) at a slightly negative pressure (725 mm Hg) to

insure a complete seal and to prevent contamination of the surrounding laboratories and

" personnel, All animals were observed hourly during the 12-month hydrazine exposure
phase of the study and daily during the postexposure phase. Rats, dogs, and hamsters
were weighed individually at biweekly intervals during exposure and monthly during the
postexposure period. Mice were weighed in cage groups and group means followed on a
monthly schedule throughcut the entire study.
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Blood samples were drawn from dogs at biweekly intervals during the exposure phase
and clinical determinations made for the following battery of tests:

RBC Glucose

WBC Total Protein

HCT Albumin

HGB Globulin

Sodium A/G Ratio

Potassium SGPT

Calcium Alkaline Phosphatase

Animals that died or were killed during the study were necropsied following the
National Cancer Institute protocol. The necropsy consisted of an external examination,
including all body orifices, and the examination and fixation of portions of approxi-
mately 44 tissues,

Although not dose dependent, growth was reduced in all hydrazine-exposed rats during
exposure, but the effect was most significant in the male rats exposed to the 5 ppm con-
centration. The differences between exposed and control animals were maintained at
relatively constant levels during the first 12 months postexposure but became less
significant during months 25 to 30 of the study as the weight decline of the aging
animals was observed. The effect of depressed growth in female rats was not as pro-
nounced as in males during the exposure phase but was significant and became more
noticeable during the postexposure observation period. Hamster body weights were
depressed for all exposure groups but also exhibited an inexplicable cyclic phenomenon
common to all groups exposed as well as the unexposed that was relatively severe in all
groups, In the final months, only the 5 ppm hydrazine exposed group continued to show
a significant weight difference from controls. Mice were not exposed to the 5§ ppm
hydrazine atmosphere. Body weights of mice were unaffected by chronic exposure to
inhaled hydrazine at 1 ppm or less.

There was no significant increase in the mortality experience of the hydrazine-
exposed mice, rats, hamsters, or dogs. Gross histopathologic examinations were performed
on all rodents that died during the course of the study or were sacrificed at completion
of the postexposure period. Histopathologic examinations were conducted in accordance
with the National Cancer Institute protocols on approximately 33 tissues from all animals
with the exception of a few in which postmortem changes were extensive or cannibalism
prevented examinations.

Surviving hamsters were sacrificed one-year postexposure, and their tissues were
examined by pathologists of the Veterinary Science Division at Brooks Air Force Base,
Texas. Tumor and nontumor nomenclature was developed by this group for automated data
processing of the results from hamsters, 7Tumor incidence tables were compiled, and
statistical analyses, using the Fisher Exact Test, were performed by the University of
California, Irvine, staff. Since rat mortality was very low after one-year postexposure,
10% of the survivors were sacrificed and tissues collected as previously described, The
study was terminated after 30 months (18 months postexposure), and all surviving rats
were necropsied, Mouse mortality approached 90% in the 18th postexposure month for the
first set of animals including the 0,05 ppm and 0,25 ppm hydrazine-exposed mice and
their controls, The second set of mice, including the 1 ppm hydrazine exposure group
and their controls, was terminated at 132 weeks which was 3 weeks longer than the first
set, Tissues {rom both rats and mice were sent to the Huntingdon Resecarch Centre in
filuntingdon, England, for histopathologic examination. Rats were examincd by Dr, C.P,
Cherry and mice by Dr. J.M, Offer under the supervision of Dr., D.E. Prentice.

Tabhle 2 shows the tumor incidence in the various groups of exposed and control
hamsters. The outstanding finding in hamsters is a statistically significant increase
in benign nasal polyps. These tumors were seen in 16/160 of the 5 ppm exposed animals;
only one in the control group. The only other tumor types of possible importance are
those of the colon in the 5 ppm exposure group, There were threce primary adenocarcinomas,
one benign leiomyoma, and one benign papilloma. When these tumor types were separately
subjected to the Fisher Exact Test, none showed statistical significance, There was a
rather large incidence of cortical adenomas in the adrenals of all groups of exposed
hamsters but with incidence rates lower than that in the control group. This type of
tumor is commonly scen in aged hamsters, Incidence of other tumors in the various organs
was low. No biological significance is attached to the incrcase in benign thyroid
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adenomas limited to the ¢.25 ppm hydrazine exposure group. The reduced inciderice of
adrenal cortical adenomas may indicate some antineoplastic activity as will also be
seen with leukemia incidence in rats,

TABLE 2. TUMOR INCIDENCE IN CONTROL AND HYDRAZINE-EXFOSED
MALE GOLDEN SYRIAN HAMSTERS+

Unexposed 0,25 ppm 1.0 ppm 5.0 ppm
TUMOR TYPE Controls Exposed Exposed Exposed
Nares, Trachea, Bronchi
Polyp (B) 1/181 0/154 1/148 16/160%*
Basal Cell (P) 0/181 0/154 1/148 0/160
Basal Cell (B) 0/181 0/154 0/148 1/1¢45
Adenoma (P) 0/181 1/154 0/148 0/160
Adenoma (B) 0/181 0/154 0/148 2/160
Lung
Bronchogenic Adenoma (P) 1/179 0/154 1/146 0/155%
Bronchogenic Adenoma (B) 0/179 0/154 0/146 2/155
Liver
Reticulo-endotheliomas (B) 1/180 0/160 0/148 0/159
Spleen
Hemangioma (P) 1/160 17129 0/130 2/138
Reticulo-endotheliomas (P) 1/160 2/129 0/129 0/138
Reticulo-endotheliomas (B) 1/160 0/129 0/129 0/138
Bone Marrow, Blood
Myelogenous (P) 0/157 0/i34 1/136 0/135
Bone
Osteoma (P) 0/177 0/152 0/148 1/156
Lymph Nodes
Reticulo-endotheliomas (P 5,167 4/143 S/140 6/146
Reticulo-endotheliomas W}) 0/167 1/143 0/140 0/.46
Kidney
Renal Adenoma (P) 1/179 2/164 0/145 0/160
Reticulo-endotheliomas (B} 1/179 0/164 0/145 0/160
Thyroid
Adenoma (P) 1/145 1/117 0/1z27 0/137
Adenoma (B) 0/145 4/117% 1/127 0/137
"C" Cell Adenoma (P) 0/145 1/117 0/127 0/137
"C'" Cell Adenoma (B) 0/145 0/117 0/127 4/137
Parathyroid
Adenoma (B) 3/111 2,88 2/82 2/100
. Adrenal
i Cortical Adenoma (B) 40/177 18/155 19/141 23/153
Cortical Adenoma (P) 6/177 5/155 3/141 4/153
’ P Stomach
¥ . Papilloma (B) 0/169 1/149 0/140 0/145
&: Basal Cell (P) 0,/169 0/149 2/140 1/145
'; Pleura, Peritoneum Mesenteries
3 Fibroma (P) 0/161 27152 0/139 0/147
..
g Pancreas
A Islet Cell Adenoma (B) 0/114 /98 0/99 0/107
- Small Intestine
Adenocarcinoma (1) 1/148 1/140 0/132 0/14)
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TABLE 2. (CONTINUED)

Unexposed 0.25 ppm 1.0 ppm 5.0 ppm
TUMOR TYPE Controls Exposed Exposed Exposed
Colon
idenocarcinoma (P) 0/158 0/146 2/129 3/139
Leiomyoma (B) 0/158 0/146 0/129 1/139
Papilloma (B) 0/158 0/146 0/129 1/139
Total Tumors 07158 07136 2/ 129 57T35%*
Skin .
Leiomyoma (B) 0/170 1/161 0/146 0/147
Squamous Cell Carcinoma ({P) 0/170 1/161 0/146 0/147
Trichoepithelioma (B) 0/170 1/161 0/146 0/147 ]
Hemangioma (B) 0/170 0/161 1/146 0/147
Fibroma (B) 0/170 0/161 U/146 1/147
Pituitary
Adenoma (B) 0/163 1/133 0/129 1/138 !
t - Metastatic tumors in various organs were not counted, :
(P) - Primary malignant tumors.
(B) - Benign tumors.
* - Significant at the 0,05 level as determined using the Fisher Exact Test.
** . Sjgnificant at the 0.01 level as determined using the Fisher Exact Test.

The nonneoplastic histopathology finding for exposed hamsters included descriptions
and discussion of many lesions which occasionally occurred more frequently than in
control animals. These probably reflected the aging process or the existence of chronic
disease states to which hamsters are susceptible. Analysis of the incidence of such
lesions would not elucidate the effect of hydrazine exposure on target organs. There-
fore, the data were examined to sclect specific organ lesions which might have been
related to exposure. This examination revealed that lesions in the nares, trachea, and
bronchi (considered as one organ in the accounting), lung, liver, spleen, lymph nodes,
kidney, thyroid, adrenal, colon, and testes occurred more frequently in exposed animals
and could be possible sites of toxic action by hydrazine.

Two important observations emerged:

1. Degenerative disease, characterized by amyloidosis in the livers, spleens,
kidneys, thyroids, adrenals; and liver hemosiderosis, kidney mineralization, general
degeneration of the adrenals; and senile atrophy, aspermatogenesis, and hypospermato-
genesis, is a common finding in all groups of hamsters,

2, The important fact is that these lesions occur with statistically signifi-
cantly highe~ frequency in the exposed group; and in most cases, a dose-response relation-
ship can be seen, The implication is that the stress of 12 months of hydrazine exposure
at the various dose levels tended to increase the degenerative process in a dose-dependent
manner.

Nasal epithelial tumors were observed only in hydrazine-exposed rats, The majority
of the epithelial neoplasms were benign and were mainly classified as adenomatous nasal
polyps. Small numbers of villous nasal polyps, muco-epidermoid papillomas, and squamous
cell papillomas were also noted, The incidence of these benign and several malignant
epithelial tumors (shown in Tables 3 and 4) was elevated significantly in the 5 ppm
hydrazine-exposed rats of both sexes, An apparent dose-response was noted in that the
incidence and degree of significance of the benign tumors were less in the 1 ppm
hydrazine exposure groups (only one malignancy was found in both sexes). No tumors of
this type were seen in either control group of rats, and only one malignancy of the six
tumors was seen in about 400 rats exposed to 0.05 and 0.25 ppm, Most of these tumors
were seen after two years with the earliest occurring in a male rat at B8 weeks (36
weeks postexposure) and in a female rat at 98 weeks,

P
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Varving degrees of acute inflammation were observed in the nasal cavity, larynx
and/or trachea in some rats from the control and all treated groups., The incidence and
severity of the inflammatory changes were greatest in male and female rats from the
group receiving 5.0 ppm, and in some of these affected animals, they were associated
with focal hyperplasia and/or squamous metaplasia of the epithelium of the nasal cavity,
larynx, and trachea, These histopathologic changes were observed in rats dying during
the study as well as in the animals killed at the 2-year interim sacrifice and at the
2-1/2-year terminal sacrifice,

e “'!’dlﬂ.(}r‘




“ s -F

L LT M el R I

Q'Vf;‘!;

BS-6

TABLE 3. SELECTED TUMORS FOUND IN FEMALE FISCHER 344
RATS AFTER INHALATION EXPOSURE TO HYDRAZINE

Unexposed Exposed Exposed Exposed Exposed
TUMOR Controls 0.05 ppm 0.25 ppm 1.0 ppm 5.0 ppm
TYPE (N = 147) {N = 99) (N = 100) (N = 97) (N = 98)
Nasal cavity:
Epithelial (Benign) 0 (0) 1 (1) 0 (0) 4 (4)* 31 (32)%*
Epithelial (Malignant) 0 (0) 0 (0) 0 (0) 0 (0) S (S)#*
Pituitary:
Adenoma 59 (40) 28 (28) 35 (35) 33 (34) 40 (41)
Adenocarcinoma 9 (6) 6 (6) 2 (2) 6 (6) 6 (6)
Thyroid:
Adenoma 9 (6) 2 (2) 4 (4) 7 (7) 7 (7)
Carcinoma 17 (12) 1 (1) 8 (8) 15 (15) S (5)
Adrenals:
Pheochromocytoma 10 (7) 3 (3) 6 (6) 9 (9) 12 (12)
Uterus: .
Adenoma 1 (0) 0 (0) 0 (0) 2 (2) 3 (3)
Adenocarcinoma 10 (7) 4 (8) 5 (5) 7(7) 6 (6)
Endometrial stromal
sarcoma 0 (0) 2 (2) 1 (1) 1 (1) 3 (3)
Lymphoreticular
Tissue:
Leukemias 41 (28)** 18 (18) 21 (21) 13 (13) 13 (13)
Sarcomas 4 (3) 4 (4) 4 (4) 2 (2) 6 (6)
Mammary gland:
Adenoma 4 (3) 4 (4) 6 (6) 8 (8) 8 (8)
Fibroadenoma 28 (19) 20 (20) 11 (11) 18 (19) 19 (19)
Adenocarcinoma 2 (1) 1 (1) 2 (2) 2 (2) 3 (3)
Liver:
Liver cell tumor 3 (2) 0 (0) 0 (0) 6 (6) 3 (3)
Lung:
Bronchial adenoma 0 (0) 0 (0) 0 (0) 0 (0) 1 (1)

*Significant at the 0.05 level, control vs. test.
**Significant at the 0,01 level, control vs, test.
() = % incidence.

The more severe grades of chronic respiratory disease were observed in lungs of some
rats exposed to 5.0 ppm hydrazine and to a lesser degree in males exposed at 0,05 ppm,
None of the males or the females exposed to 0.25 and 1.0 ppm showed epithelial hyper-
plusia., The morphological changes included peribronchial/peribronchiolar lymphoid
hyperplasia, pneumonia, bronchopneumonia, and bronchiectatic abscesses. The affected
animals usually showed the more severe grades of acute inflammation in the nasal cavity,
larynx and/or trachea but with a higher prevalence.

The incidence of focal liver cell hyperplasia tended to be greater in treated as
compared to control female rats only at the exposure levels of 1,0 ppm and 5.0 ppm. This
effect was seen in female rats dying during the study and in those killed at the 2-year
interim sacrifice, but it was not noted in female rats killed at the 2-1/2-year terminal
sacrifice. There was no difference in the incidence of liver cell hyperplasia in treated
as compared to control male rats. There was no evideace that treatment with hydrazine
increased the incidence of hepatic neoplasia. It was considered, therefore, that the
slightly greater incidence of liver cell hyperplasia in treated as compared to control
female rats arose fortuitously and that it was not related to treatment. Acute endome-
tritis was noted more frequently in female rats from the group receiving 5.0 ppm than in
the controls or in rats from the groups receiving 0,05 ppm, 0,25 ppm, or 1.0 ppm, Acute
salpingitis was present only in rats from the highest dosage group with the exception of
one female from the 1.0 ppm dosage level and killed at termination,
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] TABLE 4. SELECTED TUMORS FOUND IN MALE FISCHER 344
RATS AFTER INHALATION EXPOSURE TO HYDRAZINE
! Unexposed Exposed Exposed Exposed Exposed
TUMOR Controls 0,05 ppm 0.25 ppm 1.0 ppm 5.0 ppm
L TYPE (N = 149) (N = 99) (N = 99) (N = 98) (N = 99)
Nasal Cavity:
Epithelial (Benign) a (o) 2 (2) 2 () 1O (10)** bh (67 )&%
' Epithelial (Malignant) 0 1 (1) 0 (0) 1 (1) b (6 R
Pituitary:
Adenoma 6l (42) 31 (31) 29 (29) 27 (28} 26 (26)
Adenocarcinoma 4 (3) 0 (0) 5 ($) 4 (1) S (%)
Thyroid:
Adenoma 15 (1o 5 (5) 7 (7) 9 (9) 2 12)
Adenocarcinoma T (5) 6 (6) 5 (5) 9 (9) 13 (13)¢%
Adrenals:
Pheochromocytoma 1o (11) 14 (13) 13 (13) 18 (18) 11 (11)
Testes:
[nterstitial cell tumor 104 (70) 80 (81) T3 ("4 83 (K5) T4 (T5)
A Prostate:
Squamous carcinoma 1 () 0 () 0 (0) 0 0) no(0)
Liver:
Liver cell tumors 9 (b) 11 (1) 8 (8) 6 () 4 1)
Lung:
Bronchial adenoma 0 () 0 (0 0 (0} 0 () 3 (3)
Lymphoreticular
Tissue:
Leukemias 30 (24) 20 (20) 2R (28) 22 420 10 (10)*
Sarcomas 8 (5) 9 (9) 3 (3) 6 (b) 303)
*Significant at the 0.05 level, control vs, test,
**Significant at the 0.01 level, control vs, test,
() = % incidence.

Many microscopic variations from normal were seen in the aging mice, both controi
and hydracine-exposed groups. The only lesion of significance, an increased inuidence
of pulmonary adenomas in the 1.0 ppm hvdrazine-exposed mice, is shown in Table 5, This
small increase in tumor incidence over unexposed control mice 1s similar to that prev:
ously reported in Swiss mice {(MacEwen et al,®). An increased 1ncidence of ovarian
tubular adenpomas was also noted in the group of mice exposed to 1.0 ppm hvdrasine.

. This increase was not significant at the 0,05 confidence level, and its biclogical
. significance is uncertain since there was no suggestion of malignancy 1n this tvpe of
. tumor in any of the exposed or control mice. The occurrence of nonneoplastic lesions

tn the C578B1'6 mice used in this study was similar in all groups with nc apparent
treatment effects,

Three rodent species that inhaled hydrazine concentrations of .0 ppm or greater
tfor a year developed oncogenic changes in the respiratory system,  These changes
appeared to be dose related in the rat an which the significant etfects were eptthelial
tumors of the nasal turbinate. In the temale rat, the tumor incidence was 3% and 374,
respectively, in animals exposed to 1,0 and 5.0 ppm hydrazine. In the male rats, the
invidence was 11% at 1.0 ppm and 73% at 5.0 ppm, Nasal polvps were significant only
in the 5.0 ppm hydrazine-exposced hamsters. These tumors were not seen in any uncxposed
control rats and in onlv 1 of 181 unexposed control hamsters,

-

A previous report of hydrazine exposures (Mackwen et o1, %) indicated g dose-retlated
Iincrease in alveolargenic carcinomas in female [CR mice (a strain that normally has a
high incidence) exposed to 1.0 and 5.0 ppm hvdrazine, C53TRI/6 mice used in this study
and exposed to 1.0 ppm hvdrazine exhibited a significant ancrease 1n pulmonary adenomas,
This concentration was the highest level tested in mice during the present studv <ince
the prior study had shown 5.0 ppm killed half of the mice during exposure.

SY s~ = W s~

A number of chronic nontumorous pathologic changes were seen an rats and hamsters
exposed to hydrazine concentrations of 1.0 or 65,0 ppm, Significant differences between
unexposed control male rats and the high level exposure groups occurred after one month
of exposure and continued even after vessation of hvdrazine treatment., Both male and
female rats in the 5 ppm exposure group hed a much higher incidence of upper respiratory
inflammation and squamous metaplasia. Maic hamsters exposed to 5 ppm hvdrasine had
significantly lower body weights than control amimals during their exposure and the
12-month postexposure holding period. Amyloidosis, a disease frequently scen in aged
hamsters, was much more prevalent in the exposed groups, and the incidence appeared to
he Jdose related. Although the mortality rates were comparable between the test and
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exposure groups of hamsters throughout the study period, there were greater numbers of
changes in the hydrazine-exposed animals than their unexposed controls that are usually
associated with aging such as amyloidosis and senile atrophy of the testes, Analysis

of the oncogenic changes and other toxic effects of exposure to hydrazine indicates that
the nononcogenic sequelae were more severe in producing debilitation and lethal effects.
The oncogenic changes were mostly benign and observable only at the microscopic level
producing little or no impairment of respiratory function and had no effect on life
expectancy.

TABLE 5. NEOPLASTIC PATHOLOGY IN CONTROL AND
HYDRAZINE-EXPOSED FEMALE C57B1/6 MICE

Set No. 1 Set No. 2
Unexposed Exposed Exposed Unexposed Exposed
Controls 0.05 ppm 0.25 ppm Controls 1.0 ppm

TUMOR TYPE (N = 385) (N = 364) (N = 382) (N = 378) (N = 379)
Pituitary:

Adenoma 152 (39) 94 (26) 101 (26) 109 (29) 64 (17)

Carcinoma 7 (2) 10 (3) 3 (1) 8 (2) 2 (1)
Thyroid: .

Adenoma 17 (&) 25 (7) 19 (5) 34 (9) 22 (6)

Carcinoma 2 (1) 1 (0) 1 (0) 2 (1) 1 (0)
Uterus:

Adenocarcinoma 0 (0) 1 (0) 0 (0) 0 (0) 0 (0)
Lymphoreticular Tissue:

Leukemias 4 (1) 5 (2) 11 (3) 5 (1) 0 (0)

Sarcomas 145 (38) 154 (42) 150 (39) 154 (41) 139 (37)
Mammary Gland:

All tumors 1 (0) 1 (0) 0 (0) 1 (0) 0 (0)
Liver:

Liver cell tumor 4 (1) 9 (2) 6 (2) 6 (2) 11 (3)
Lung:

Adenoma 8 (2) 3 (1) (1) 4 (1) 12 (3)*

Adenocarcinoma 2 (1) 1 (0) 2 (1) 3 (1) 3 (1)
Ovary:

Tubular adenoma 12/369 (3) 10/340 (3) 11/365 (3) 13/365 (4) 23/361 (6)

*Significant at 0,05 level, control vs, test.
() = % incidence

I'he respiratory system appears to be the primary site of hydrazine induced oncogenic
changes regardless of route of administration, In studies conducted by Roe et al,!? and
others, lung tumors were induced in Swiss mice after oral administration of hydrazine in
water. Lung tumors were induced in CS7Bl/6 mice hy Mirvish et al,!! after intraperitoneal
injection,  Rats given hydrazine sulfate by stomach tube by Severi and Biancifioril?
exhibited some lung tumors. No statistically significant tumor induction was seen in
rodents exposed to hydrazine concentrations of 0.25 or 0,05 ppm.

CONCLUSTONS

We conclude from these studies that hydrazine is a relatively weak tumorigen which
exhibits a dose-response related tumor induction at inhaled concentrations of 1.0 ppm
and 5.0 ppm. Repeated exposures to hyvdrazine concentrations above 5.0 ppm result in
carlyv death of rodents and dogs usually associated with malnutrition after chronic
l‘.([)\\\'lll'(‘ .

The ancidence of bhenign and malignant tumors was highest in nasal turbinates of

rats,  This rat tissue has demonstrated extreme sensitivity to the action of respiratory
carcrogens (HMPA and formaldehvde) and may not bhe directly extrapolatable to exposure
ot humans who are not obligate nose-hreathers., Nevertheless, the toxic and oncogenic
cttects seen n this <tudy andicate that the current OSHA Threshold Limit Value of
Poppm tor hvdrazine s unsataisfactory and 15 too near concentrations which cause

Jeath an chronpcally exposed animals,  More realistically, the ACGIH recommended TLV

tooul ppmowonld be expected to provide adequate nrotection,
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t L Summary

Hydrazine and naphthylamines and their derivatives were assayed for co-carcinogenic effects on ST FeSV-directed
transformation of human cells. All chemicals tested at non-toxic concentrations showed anti-carcinogenic activity.
The temporal relationship of chemical treatment to virus infection was more critical with the hydrazines than with the
naphthylamines in that maximum anti-carcinogenic effect occurred when virus-infected cells were exposed to the
hydrazines 2 hrs. post-infection, whereas the naphthylamines anti-carcinogenic effect was observed if cells were
exposed either pre- or post-infection. The anti~carcinogenic effect, when compared with in vitro chemical
transformation and neoplastic transformation, show a high degree of correlation. These data suggest this assay system
may lend itself to a rapid screen (9-13 days) of chemicals for carcinogenic potential. Cytotoxic results showed no
significant difference in shale oil or petroleumn derived JP5 or DFM. Co-carcinogenic potential of JP5, JP10, RJ5, and
DFM are being evaluated.

Introduction

Previous studies from this laboratory showed chemical carcinogens inhibited virus-directed feline sarcoma virus
transformation of human skin fibroblast (HSF) cells at non-toxic concentrations (1). The carcinogen treatment inhibited
a specific virus gene function, i.e., transformation, but not virus synthesis. Other viral gene products, RNA-dependent
DNA polymerase (RDDP), Group-Specific Antigens (GSA) and Feline Oncornavirus Associated Cell Membrane Antigen
(FOCMA), were detected in both carcinogen-treated or non-treated virus infected cells (2). These studies suggested the
inhibitory effect on virus -directed transformation was mediated by the carcinogens, while the inhibitory effect on
complete virus synthesis was cell mediated. Further, the inhibitory effect of the carcinogens was abrogated when
chemicals were added to virus-infected cells 48 hrs. post-infection.

Hydrazine and its derivatives have widespread use in medicine, agriculture, and aerospace research (3). While
many biologic effects of hydrazine (HZ) and its derivatives, monomethyl hydrazine (MMH), 1,1 dimethylhydrazine
(UDMH), and [,2 dimethylhydrazine (SDMHJ have been studied in animals, extrapolation of these biologic effects to man
has been difficult because of differential responses manifested in diverse species of test animals. Additionally, the
different chemical properties of each of these chemicals has led to differential physiological responses within the same
species. For example, Diwan et al. (4) concluded that genetic differences with inbred strains of mice affected the
response of DMH carcinogenesis. Thus, carcinogenesis assays in rodents may lead to false negative results based on that
genetic strain used In the assay. ldeally, economic, short-term, refiable in vitro assays would be invaluable in
deterraining carcinogenic potential of chemicals. -

In this study, we examined the co-carcinogenic effect of alpha-naphthylamine (ANA), phenyl-alpha naphthylamine
(PANA), phenyl-beta naphthylamine (PBNA), HZ, MMH, UDMH, and SDMH on Snyder-Theilen feline sarcoma virus (ST-
FeSV) transformation of HSF. The effects were further correlated with in vitro chemical transformation of HSF
described by Milo and Blakeslee (3). Cytotoxic analyses of petroleum and shale oil derived jet fuels are also presented.

Materials and Methods
Cells
Human foreskin fibroblast cells (Detroit 550-CCL109, American Type Culture Collection, Rockville, MD) were
grown in Minimal Essential Medium with Earles saits supplemented with 1.0 mM sodium pyruvate, 2 mM glutamine, 1%
non-essential amino acids, 50ug/ml gentamycin (Schering Diagnostics, Port Reading, N3) and 10% fetal bovine serum
(Sterile Systems, Logan, UT), thereafter designated Complete Medium (CM). Cells were serially passaged every 3-¢
days at 1:2 split ratios and incubated at 37 Cin 5% COZ.

Virus

The preparation of stock ST-FeSV was described previously (6). Briety, 10% cell-free homogenates were prepared
and frozen at -85C «n L 15 medium and 5% FBS.

Co-Chemical Virus Assays

Preconfluent log phase growth HSF cells were trypsinized and 4 X IO“ cells seeded onto 16 mm wells (Costar,
Cambridge, MA) in 1.0 ml CM and incubated {8 hrs. prior to treatment. Cells pre-treated with chemicals prior to virus
infection were incubated °0 min. with appropriate chemical concentration at 2, 6, or 24 hr. pre-infection. Cells were
washed 2X in CM, refed and incubated at 37C until virus infection. Cells to be infected were washed with serum-free
CM and treated with 0.2 ml of DEAE-Dextran (40ugjnl (Sigma, St. Louis, MO) 1n serum-free CM. After 20 min., the cells
were washed with CM + 5% FBS, infected with 0.05 ml ST-FeSV, diluted to 1,000 focus forming units (FFU) per ml.
Twelve wells were used for each time period. Plates were rocked at 10-15 min. intervals and virus adsorbed 2 hr. at
37C. After adsorption, the inocula were aspirated and cells refed with 2.0 ml CM. Virus infected cells were treated at
2, 6, or 24 hr. following virus adsorption by incubating infected cells with designated concentration of chemical for 90
min. followed by washing and refeeding cells with 2.0 ml CM. The cells were refed with CM on the 6th day post-
infec tion (P1), and subsequently fixed with 10% phosphate buffered formalin and stained with Giemsa 3-4 days later.
Fo1 were counted at 25-40X with a dissecting microscope in non-treated (control} and chemically treated wetls. FFU +
S.DD. were determined for each treatment time and significance determined by Student's "t" test. -
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Chemicals

ANA, PANA, and PBNA were dissolved in spectral grade acetone at 1.0 mg/ml. Prior to yse, dilutions were made
in CM to experimental concentrations. HZ, MMH, and UDMH were pipetted into CM at | X 10" ppm and diluted in CM
to experimental concentrations. SDMH was dissolved in 0.1-N HCI at a concentration of 10 mg/ml and diluted in CM to
exoerimental concentrations.

Both petroleum or shale oil derived fuels were dispersed in equal volumes of 20% Triton-X (Sigma, St. Louis, MO)
serum-free CM with shaking. Dilutions tested were from 5000 to 0.5 ppm. Eight wells, seeded with 500 cells/well, were
treated for 90 min., washed and refed with CM supplemented with 20% FBS. Cultures were incubated 9-10 days, fixed
in 10% buffered formalin, stained with Giemsa, and clones containing at least 50 cells were counted. Toxicity was
determined by dividing the average number of clones in treated wells by the average number of clones in control wells.
LD., values were determined by plotting percent survival (ordinate) against concentration (Abcissa, log scale) on 2-
cycig semi-logarithmic graph paper. LD50’5 were then determined by inspection.

Results

Naphthylamines

PANA treatment resulted in a dose-related suppressicn of transtormation (Fig. 1A). Cells treated with 10 pg/ml
resulted in significant inhibition of transformation at all tune periods tested. Results with 20 ug/ml were similar,
although treatment at 6 hrs. post-infection approached control values. Cells treated with 0.1 ug/ml showed no
difference in transforration frequencies from untreated controls.

Treatment with 10 pg/ml PBNA resufted in suppression at all time periods tested (Fig. 1B). Inhibition of
transformation ranged from values of 40% to 65% inhibition. However, cells exposed to 0.01 pg/ml before ST-FeSV
infection resulted in enhanced focus formation at -2 hrs. whereas significant inhibition was observed when virus infected
cells were treated 6 hrs. post-infection.

Figure 1C shows the effect of 10 pug and 0.01 pg/ml ANA. Both concentrations used inhibited ST-FeSV
transformation, with the most significant inhibition observed when cells were treated from 2-6 hrs. pre-infection. Cells
treated 6 hrs. or 24 hrs. post-virus infection had no effect on virus transformation.

Hydrazines

MMH (100 ppm and 10 pprn) significantly enhanced virus transformation in a dose-dependent manner when cells
were exposed 2 hrs. pre-infection (Fig. 2A). Conversely, treatment of virus-infected cells resulted in significant
inhibition of transformation when cells were treated 2 hrs. or 6 hrs. post infection. No effect was noted at 24 hrs. post-
infection.

SDMH (100 ug/ml and 10 pg/ml) likewise enhanced virus transformation when cells were treated 2 hrs. pre-
infection (Fig. 2B). In virus infected cells, SDMH treatment inhibited transformation by values ranging from 20% {10
pg/ml) to 30% (100 pug/ml). The inhibitory effect was observed at 2 hrs. post-infection, but not at é or 24 hrs. post-
infection.

The effects of UDMH on virus transformation are shown in Fig. 2C. One hundred or 10 ppm exposure to UDMH
inhibited transformation atr 3 different time periods in relation to virus infection. UDMH inhibited transformation by
values ranging from 25% to 50% when cells were exposed 6 hrs. before or 2 hrs. and 24 hrs. post-infection.

The results of HZ (60 ppm and 6 ppm) exposure are shown in Fig. 2D. Fig. 2D is a composite figure of 3 separate
experiments showing HZ effects on virus transformation. Like SDMH and MAMH, cells exposed to HZ 2 hrs. pre-
infection, significantly enhanced virus transformation whereas exposure 2 hrs. post-virus infection significantly
inhibited virus transformation as did MMH, SDMH, and UDMH.

Cytotoxicity of Fuels

Petroleum derived (PD) or shale oil derived (SOD) JP5 or diesel fuel, marine (DFM) cytotoxic analyses are shown
in Table 1. The results show no significant difference in toxicity values between SOD or PD fuels. LD_.'s for SOD, IP5
and PD-JP5 were 102 ppm and 100 ppm, respectively, SOD-DFM and PD-DFM were 85 ppm and 87 ppm. LD..'s for

) - 50
JP10 and RJ5 were 91 ppm and 19 ppm, respectively.

Table 1. LDSO cytotoxicity of shale o1l and petroleum derived fuels in HSF cells.

Derived
Fuel From LDg, {(ppm)
aps Shale 102
ps Petroteum 100
pEM! Shale 85
DEM Petroleum 87
RIS Petrofeum 19
P10 Petroleum 91

! NFM  diesel fuel, marine
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Discussion

The co-carcinogenic effects of hydrazine and its derivatives and naphthylamines described in this report, when
correlated with in vitro chemical transformation and neoplastic transformation, show & high degree of correlation
! (Table 2).

ANA, PANA, and PBNA showed 100% correlation with the two pararneters, whereas MMH and SDMH showed
activity in the (o-carcinogenesis assays, but not in the carcinogenesis assays. HZ and UDMH, like the naphthylanunes,
showed 100% correlanion with 1n vitro chemical transformation and neoplastic transformation. The inhibition of
transformation from chemical tréatment was not a result of cell killing in that sub-toxic concentrations were used.

Table 2. Correlation between inhibition of virus transformation, in vitro chemical transtormation and
neoplustic transformation.

In Vitro
Chemical Chemical Neoplastic Inhibition of
Group Transtormation Transformation ST-FeSV Transformation
1. Naphthylamines
P l. ANA Yes Yes Yes
2. PANA Yes Yes Yes
3. PBNA Yes Yes Yes
i Polycychie Hydrocarbons
i 1. B/\P2 Yes Yes Vaoq
. 2. Pyrene No No No
I
“.'.' . Hydrazines
- I HZ Yes Yes Yes)
4 2. MMH No No Yes
) 3. UDMH Yes Yes \053
" 4. SDMH No No Yes
. ; Courtesy Dr. George Milo

BAP - Benzolalpyrene

3
Significant enhancement - 2 hrs. pre-infection

Enhanced virus transformation by HZ, MMH, and SDMH observed when cells were exposed 2 hrs. pre-infection,
may be related to cell growth stimulation shown by these chemicals in dose survival studies (data not shown). Sirmular
findings of cell stimulation have been observed with murine and feline lymphocyte cultures (7). The major effect on

£ . virus transformation (nhibition) occurred with all test chemicals when virus infected cells were exposed to the
appropriate concentrations. The temporal relationship of chemical treatment to virus infection appears more critical
with the hydrazines than with the naphthylamines in that maximum inhibition occurred when virus infected cells were
exposed to the hydrazines 2 hrs. post-infection, whereas this inhibitory effect was observed at all 6 time periods with
- . PANA and PBNA and at 3 time periods with ANA.

Cytotoxicity results showed no significant difference in shale oil or petroleum derived fuels. Co-carcinogenic
eftects with ST-FeSV are being evaluated. HI, MMH, UDMH, SDMH, and PANA have shown mutagenic, teratogenic, or
carcinogenic properties depending upon the assay used (7-11).  Thus, these chemicals interact with host cell

. transcription or translational processes. In previous studies, we concluded the inhibitory (anti-carcinogenic} effect of
) benzolalpyrene, aflatoxin Blor N-acetoxy-2 fluorenyl acetamide on virus transformation was not due to decreased

‘!' cellular proliferation or virus synthesis (1,2). Further, the anti-carcinogenic effect was abrogated when cells were

? .\ exposed >24 hrs. post-infection. The temnporal relationship between infection and treatment suggested chemical

interference with FeSV proviral synthesis or integration into host cell DNA.

¢ Contrasting results have been reported on the interaction of chemical carcinogens and oncogenic RNA viruses.
c For example, in vivo studies showed either an anti-carcinogenic (12,13), co-carcinogenic (14,15) or no eftect (16,17) on
: : transformation depending on the virus or chemical used in the experiments. Whereas in vitro studies with rat or mouse
N cells showed synergism (18-20). 4
; We previously reported anti-carcinogenic activity with three known carcinogens on FeSV transformation of human
. cells in vito. A recent report by Rlum and Arnstein (21) described anti-carcinogenic activity of an oncogenic murine
*‘ virus on chemical-induced transformation of canine celis.
i ,‘ Thus, the mechanmismi(s) of chemical, virus, or co-chemical-virus transformation remain unknown and further
< studies are warranted to evaluate these interactions.
-
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SUMMARY

Benzo(a)pyrene [B(a)P], an environmental carcinogen, has been shown to transform human skin
fibraoblasts in vitro. This fossil fuel combustion product and other polynuclear hydrocarbons have
exhibited a requirement to be biotransformed to their ultimate carcinogenic forms to induce
transformation. B(a)P diol-epoxides are the most cited candidates as ultimate carcinogens.

when proliferating skin epithelial cells (Phase 111 type cells) were treated with H-B(a)P, 83%
was extractable into the organic phase as B{(a)P while in the non-proliferating cells 61%_occured as e
parent B{a)P. Human Lung epithelial cells and liver hepatocytes were also treated with 3K-B(a)P and
the metabolites analyzed by HPLC. Patterns of metabolism of B(a)P by these cell populations were
dissimilar to those for skin epithelial cells. In lung and liver only 9.2-21.1% remained as
unmetabolized B(a)P in the non-proliferating cells, whereas 26.4% remained as B(a)P in the
proliferating lung cells.

Proliferating low passage human skin fibroblasts were treated for 24 hours with 3H-B(a)P after
which the metabolites were removed from the growth medium with ethyl acetate. Analysis of the organic
phase by HPLC demonstrated that B(a)P-tetrols (diol epoxides), B(a)P-diols and B{a)P-phenols
represented a small portion (2% ea.} of the metabolites.

Our results suggest that either the ultimate form of the carcinogen is different for fibroblasts
and epithelial cells or the quantitative generation of hydroxylated metabolites is not required for
neoplastic transformation in fibroblast cells. If hydroxylation is required, then the site of
hydroxylation may be the significant factor. Present evidence suggests that in B(a)P treated
fibroblasts the activation of B(a)P in the cell takes place other than the microsomal P450 complex,
presumably in the nucleus. In epithelial cells from primary target tissues, the microsomal P450
complex may play a more predominant role in the carcinogenesis process compared to the fibroblast
microsomal complex.

ABBREVIATIONS
B(a)P-Benzo(a)Pyrene; MEM-minimum essential medium-Eagle; FBS-fetal bovine serum;
LG3H]-8(a)P-tritium-labeled benzo(a)pyrene; Ci-curie; BHT-butylated hydroxytoluene; HPLC-high
performance liquid chromatosraphyPDL-population doubling; NFS-neonatal foreskin; HEL-human embryonic
lung

INTRODUCTION

The metabolism of the environmental carcinogen benzo(a) pyrene [B(a)P] occurs in animal tissues
through several pathways intended for detoxification, i.e. the mixed function oxidases or by
conjugation with polar groups either sulfates, glucuronic acid or glutathione. These pathways yield a
mixture of organic and water soluble metabolites, many of which have been implicated as ultimate
carcinogenic forms of B(a)P (1-6).

Among the primary target tissues of B(a)P-induced carcinogenesis are the skin, lung and liver,
either due to direct exposure (skin, lung) or due to an ultimate rcle in detoxification (liver).
Metabolite profiles of B(a)P produced by cells in culture originating from any of these organs would be
very informative. Since most cancers are of epithelilal origin (carcinomas), the metabolism of B(a)P by
epithelial cells placed in culture from these target organs would be of particular interest.

B(a)P metabolism studies are available for several rodent species (7-10). Due to the concern over
human exposure, however, B{a)P metabolite profiles from human cells would be more desirable
(11,12,13,14), 1In this report, we describe the in vitro biotransformation of B(a)P by human epidermis,
peripheral lung epithelial cells and liver parenchymal cells in vitra. We compared also the B{a)P
metabolite profiles of human epithelial cells with human fibroblasts.
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MATERIALS AND METHODS
MATERIALS

[6-34)] B(a)P (19 Ci/mmole) was purchased from Amersham Searle, Arlington Heights, IL. Synthetic
B(a)P metabolite standards were received through the Chemical and Physical Carcinogenesis Branch,
National Cancer Institute, Bethesda, MD.

Eagle's Minimum Essential Medium (MEM) containing 25 mM Hepes buffer was purchased from Grand
Island Biological Co., Grand Island, NY. MEM-25 nM Hepes at pH 7.2 was supplemented with sodium
pyruvate (1.0 mM), glutamine (2.0 mM), nonessential amino acids (1X) and vitamins (1Xx) (15). A1l of
these supplements were obtained from M.A. Bioproducts, Walkersville, MD). The MEM also contained
sodium bicarbonate (0.2%) and gentamycin (5ug/ml).

Fetal bovine serum (FBS) was purchased from Reheis Chemical Co., Kankakee, IL. Collagenase was
obtained from Worthington Biochemical Corp., Vineland, NJ, Instagel scintillation cocktail from Packard
Instrument Co., Downers Grove, IL, and methanol (MCB OmniSolv) for HPLC from Curtin Matheson
Scientific, Inc., Cleveland, OH.

METi{00S
Primary Skin Epithelial Cel) Cultures

Primary cultures of human neonatal foreskin epithelial cells were established as described
previously (16-18). This method involves an initial digestion of the tissue with collagenase (16},
follow?d by selective detachment of fibroblasts with trypsin after the primary culture was established
(17,18).

Primary Lung Epitheiial Cell Cultures

Human fetal lung tissue obtained from William J. Douglas (Tufts University) was enzymatically
dispersed for 4 hours with 0.25% collagenase in MEM supplemented with 20% FBS, The digestions were
done at 37 C in a 4% C0p enriched air environment. The cells were cenirifuged at 650 x g for 10
minutes, washed with MEM, and resuspended in MEM containing 20% FBS. The cells were then seeded at a
concentration of 20,000 cells/cmé. After 2 hours, the residual lung cells in suspension were
removed, and the cells attached to the substratum were fed with MtM containing 40% F8S.

The primary lung cell cultures contained less than 10% fibroblasts when the B(a)P metabolism
studies were undertaken. They were composed of mixtures of epithelial cell types. However, the major
portion of the population contained lamellar structures, tonofilaments, and desmosomes as determined by
electron micrsocopy. At this time, we have designated these cultures as mixed peripheral lung
epithelial cell populations.

Primary Liver Parenchymal Ceil Cultures

Normal adult human Tiver was obtained from the Tumor Procurement and Pathology Laboratory,
Comprehensive Cancer Center, Ohio State University. Liver from surgery was placed immediately into
culture by a modification of the method of Schaeffer and Kessler (19). The tissue was minced into 1 to
2 mm pieces and incubated at 37 C for 6 hours in the presence of 0.25% collagenase in MEM containing
20% FBS. Following the incubation, FBS was added to a final concentration of 50% and the parenchymal
cells were selectively pelleted by centrifugation at 650 x g for 3 minutes. The cells, were
resuspended in MEM containing 20% FBS and insulin (0 5 U/ml), and were seeded into 25 cné tissue
culture flasks at a ¢ ncentration of 15,000 cells/cme. Following a 4 hour attachment period at 37 C
in a 4% C0p enriched air environment, the cultures were washed to remove debris. The cultures were
fed with MEM containing 20% FB8S, and a confiuent primary culture of parenchymal cells was obtained
within 72 hours. The cultures were comprised of greater than 95% liver parenchymal cells.

Primary Skin Fibroblast Cell Cultures

Human neonatal foreskin fibroblasts were grown, serially subpassaged and treated with B(a)P as
dea§r1bed previously (2).

{G-2H) B(a)P Treatment

Treatment of cells with [G-3H] B(a)P (0.105uM at 1 mCi/ml, 19 Ci/mmole) was accomplished after
dissolving the compound 1n spectral grade acetone. The final so]gt1ons were added to MEM containing
10% FBS at 37°C. The [6-3H] 8(a)P-containing medium (3.3 ml/25 cmé flask) was used to feed the
cultures, after whtgh they were incubated at 37°C in a 4% COp enriched air environment (20). Al
procedures with [G-°H) B(a)P were carried out under yellow light.

B{a)P Metabolite Extraction

Twenty-four hours after the administration of radiolabeled B{a)P, aliquots of the growth medium
were removed and partitioned with 3 volumes of ethyl acetate containing the antioxidant butylated
hydroxy toluene (BHT, 0.8 mg/ml). The phases were separated, and the organic phase was passed over
anhydrous sodium sulfate, fiitered, dried under argon, and stored at -20 C. The sample was dissolved
in 200p! methanol, and centrifuged at 12,000 x ¢ for 2 minutes to remove particulate matter prior to
analysis by HPLC.

HPLC Analysis

The solvent delivery system consisted of a Beckman (Beckman Instruments, Inc., Irvine, CA) Model
322 MP programmable HPLC with CRIA integrating printer plotter. The system was equipped with a Model
153 fixed-wavelength UV (254 nm) detector, and fractions were collected directly in scintillation
miniviais with an LKB Model 2112 traction collector. The reversed phase column utilized was a Beckman
Ultrasphere-U0S (150 x 4.6 mm).

The column was equilibrated with 85% methanol in water, and the flow rate was | ml/minute
throughout the analysis. A 20 ul sample was injected, and elution was initiated with a mobil phase of
45% methanol in water. After 30 seconds, the methanol concentration was increased to 100% over a
period of 1.5 minutes. Aliquots of 0.2 m} were collected in each minivial and 2 ml of Instagel
scintillation cocktail was added. Radioactivity was measured with a Beckman LS-9000 scintillation
counter. After complete elution of the hydrocarbons, the column was re-equilibrated with 85% methanol
for 8§ to 10 minutes. Authentic B{a)P metabolite standards were detected by UV absorbance at 254 nm,
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RESULTS

Representative cultures of human peripheral lung epithelial cells (HEL), skin epithelial cells,
and liver parenchymal cells are shown in Figure 1. The lung (Figure 1A) and liver (Figure 1) cells
attach to the substratum, and they will each grow to a confluent monolayer. The skin epithelial cells
(Figure 18) have the additional capability of being able to grow in a vertically stratified layer. For
our purposes, proliferating cell cultures are those that have significant areas of the substratum
(usually 40-50%) not covered with cells, while non-proliferating cultures are confluent. The skin
epithelial cells exhibit vertical stgatification under both circumstances. The proliferative states of
duplicate cultures were_vegified by “H-thymidine-labeling and autoradiography (data not shown).

The conversion of [G-H]B8(a)P to water soluble metabolites by human epithelial cells derived
from lung, skin and liver is presented in Table 1. The cells from lung and liver generated
significantly greater amounts of the water soluble metabolites than the skin epithelial cells.

The ethyl acetate-soluble metabolites of B(a)P generated by proliferating HEL epithelial cells is
depicted in Figure 2. The HPL( data indicates that less than 30% of the organic-soluble material is
accounted for by the parent hydrocarbon B{a)P. The major portion of the radioactivity (34.3%) was
localized under the B(a)P-tetrol peak. The relative distribution of ethyl acetate-soluble metabolites
is summarized on line one of Table 2.

A significant difference in the HPLC metabolite profile of non-proliferating HEL epithelial cells
can be seen in Figure 3. Although there is little cifference in the amount of B(a)P-tetrols produced
by proliferating, (Figure 2) and non-proliferating (Figure 3) HEL cells, a major polar derivative peak
is predominant in the latter. In addition, a B(a)P-diol peak in Figure 3 is almost non-existent. The
early eluting polar component produced by non-proliferating HEL cells is made up almost totally of
B(a)P sulfate conjugates because this peak is reduced greater than 80% by treatment with arylsulfatase
(data not presented). Again, a summary of relative B(a)P-metabolite production by the
non-proliferating HEL cells is presented in Table 2, There is a decrease in the amounts of uoth B{a)P
diols and phenols when compared to proliferating HEL cells, and more of the B{a)P is metabolized.

Proliferating NFS epithelial cells metabolize much ‘ess B(a)P than HEL cells (Table 2). After 24
hours, 83.9% of the ethyl acetate-extractable hydrocarbon is the parent compound B(a)P. None of the
B(a)P-metabolites account for more than 4.5% of the radiolabeled material.

Non-proliferating NFS epithelial cells metabolize more than twice as much B(a)P than proliferating
NFS cells (Table 2). As with HEL cells, the major increase is in the synthesis of polar derivatives.
The confluent NFS culture gives rise to somewhat more B(a)P-tetrol, but there is little change in B(a)P
diols and phenols.

Profiles of intracellular distribution of B(a)P-metabolites (foreskin fibroblasts) revealed that a
major portion of the B(a)P remains in its parent form, (21). Extracellular oxygenated metabolites
account for less than 10% of the added B(a)P after 24 hour treatment, Figure 3. B(a)P-tetrols, diols
and phenols accounted for less than 1% of the remaining metabolites.

Liver parenchymal celis actively metabolize B{a)P similar to HEL epithelial cells (Table 2). Only
21.1% of the organic soluble hydrocarbon is unmetabolized B(a)P after 24 hours. Polar derivatives
(26.3%) and B{a)P-tetrols (25.2%) are found in significant amounts in the medium of the confluent liver
cell culture. Both levels are similar to those in the confluent HEL epithelial cell culture and higher
than the NFS epithelial cell culture.

DISCUSSTION
Cell proliferation is required for the fixation of the carcinogenic event. We have been able to
induce neoplastic transformation of normal human fibroblasts with a variety of chemicals, including
B{a)P, if the cells are in an enhanced proliferative state (2,15). However, we have not been able to
transform confluent, non-proliferating human cells even if the cells are subpassaged and allowed to
divide immediately after the carcinogen treatment.

Even though cell proliferation is required for chemical carcinogen-induced neoplastic
transformation, most studies of B(a)P activation make use of non-proliferating cell cultures
(3,4,7,11,13,14,22). 1t has been shown with human skin fibroblasts, that stationary (non-proliferating)
cultures established by seeding cells at a low density in nutrient-deficient medium yield 10 times more
oxygenated B{a)P-metabolites than proliferating cultures {4). The significance of these oxygenated
B(a?P metabolites to carcinogensis is unknown. We reported previously that non-confluent skin
fibroblasts transport Bia}P to the nucleu. while confluent fibroblast do not (2,20). Therefore, the
increased metabolism by non-proliferating cultures may be without effect.

Human epithelial cells exhibit different growth characteristics in vitro when compared to
fibroblasts, and most human cancers are of epithelial origin (carcinomas); therefore, we felt it was of
interest to examine the metabolism of B(a)P, by epithelial cells under proliferating conditions which
favor transformation and under non-proliferating conditions which do not favor transformation.
Epithelial cells from different primary target tissues were utilized to assess intertissue variation.

The lung and liver cell cultures produce more water soluble metanolites than do the skin cells
(Table 1). The water-soluble derivatives consist mainly of detoxified conjugates of B(a)P (13,22).
Considering that the epidermis is an effective physical barrier, the need for an active detoxification
pathway may be less important than with lung and liver,

B(a)P diol-epoxides are considered to be the ultimate carcinogenic metabolites of B{a)P (1,23).
The metabolic activation of B(a)P occurs at the P450 locus in the plaéma membrane, and the
B(a)P-diol-epoxides synthesized form adducts predominantly with the N¢ moiety of guanine in nucleic
acids (21-23). Such interactions with DNA are thought to be responsible for the induction of
carcinogenesis.

In an aqueous environment, B(a)P-diol-epoxides are rapidly hydrolyzed to B(a)P-tetrols, so these
are the most significant products one can measure in the ethyl acetate phase. Little change was
observed in the generation of B(a)P-tetrols by proliferating and non-proliferating human epithelial
cell cultures (Table 2). This indicates that the activation pathway is fur.tioning under both
circumstances, and that the ultimate carcinogenic B(a)P-diol-epoxides are synthesized.

The early eluting polar B(a)P metabolite peak (Figure 3; Table 2) 1s composed predominantly, if
not totally, of B(a)P sulfate conjugates. Extraction of these detoxification products of B(a)P phenols
with ethyl acetate has been reported using a different chromatographic system (7,24). fOur results for
human epithelial cells are consistent with this detoxification pathway being activated in
non-proliferating cells, With the HEL cells (Figure 2 and 3. Table 2), the increase in the early polar
derivative(s) in the confluent culture is accompanied by a decrease in B(a)P-phenols and diols.

B7-3
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The results presented in this manuscript demonstrate that human lung epithelial cells and liver
parenchymal cells biotransform 8(a)P to a much greater extent than do human skin epithelial cells. The
increased biotransformation involves both the activation and the detoxification pathways. In addition,
non-proliferating epithelial cells have a greater propensity for deactivating B(a)P than do
proliferating epithelial cells. This may help explain the need for cell proliferation during
carcinogen exposure in order to obtain transformed cells in vitro.

Transformable fibroblast cell populations (2) produce less than 3% hydroxylated-epoxide
metabolites (oxygenated forms), (21). In excess of 98% of the B(a)P remains as B(a)P.

The intracellular distribution of B(a)P in the fibroblasts appears to occur as B(a)P bound to a
low molecular weight lipoprotein (21}, Our present DNA adduct data (Tejwani, Jeffery d Milo,
unpublished data) suggests that the ultimate major carcinogenic form in the nucleus is senzo(a)Pyrene
7,8 diol 9,10 epoxide -1 (anti)-deoxyguanosine . This adduct has been reported by others to be the
major adduct excised by the error free repair system from the DNA, (25,26}). In fibroblasts, activation
by the microsomal P450 complex is not necessary to biotransform B(a)P to an oxygenated carcinogenic
derivative, however activation mus' occur prior to induction of carcinogenesis. We conclude from these
data that the oxygenation of the B{1)}P to the carcinogenic metabolite must take place in another
intracellular location, presumably the nucleus.

A proposed mechanism for the bi.transformation of B(a)P in fibroblasts followed by the induction
of a carcinogenic event is presente here.
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Similar studies are in progress with human epithelial cells from target tissues to describe B(a)P
activation and induction of a carcinogenic event.
Table 1

Partitioning of Radioactiyit§ After Incubation of Human
Epithelial Cells with [G-H]B(a)P for 24 Hours

Percent
Cells Organic-soluble Water-soluble
HEL
Proliferating 60 40
Nan-proliferating 52 48
NFS
Proliferating 77 23
Non-proliferating 8] 19
Liver
Non-proliferating 42 58

TABLE 2

B({a)P Motabolites Produced by Human Epithelial Cells After Incubation with [G~3H]B(a)P
for 24 Hoursd.

Polar Bla)P B{a}P  Unidentified B(al"
Cells Derivativesd Tetrols Diols MetaboliteC Phenols B(a)P
HEL
? Proliferating -- 34.3 13.7 9.5 i2.2 26.4
) Non-proliferating kYA 27.5 2.0 6.9 3.8 9.2
§
o4 NFS
L Proliferating 1.9 4.5 1.2 3.4 2.1 83.9
Non-Proliferating 17.0 9.4 1.8 3.0 1.8 60.5
Liver
Non-proliferating 26,3 25.2 3.5 11.6 3.2 21.)

aThe values are expressed as percent of total radioactivity, and they represent the
integrated values under the HPLC peaks.

RS XS

bTreatment with aryl sulfatase removes greater than 80% of this component indicating
it is predominantly a sulfate conjugate of B{a)P.

CB(a)P-6,12-dione and 6-hydroxymethyl-B(a)P co-elute at this position.
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Figure 1
A, Humu peripheral embryonic lung cells ot passage 1 at saturation density state of growth, 1t X,
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B. Human foreskin epidermal cells at a saturation density state of growth at passage 1, 100 X.
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Figure 1

C. Human embryonic liver at passage 2 at a saturation density state of growth, 160 X.
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Figure 2. Metabolite profile of B(a)P
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TOXICITE OES GAZ DE DECGMPOSITION
THERMIQUE DES MATIERES COMBUSTIBLES

PROTOTYPE DE CHAMBRE O'ESSAIS

P.E. PICART - J.P. DELCROIX - M., GUERBET

Laboratoire Central de Biologie Adrospatiale
Division de Chimie-Toxicologie
Sbis, avenue de la Porte de Sdvres
75731 PARIS CEOEX 15 AIR

Lorsque 18 feu se déclare dans une senhceinte close, telle gqu'une cabine
dtavion, la survie per réaction de fuite n'est pas immédiatement possei-
ble et il faut d'abord regagner le sol dane les conditions vitsles mi-
nimum. Dens ce cas, lee gaz toxiques devisnnent le probldéme majeur.
Ctest pourquoi il eet nécesssire de pratiquer une sélection des maté-
risux présentant le minimum de toxicité en cas de feu & bord. :

Nous esvons été esmende 2 définir une chembre d’essais paermettant de mal-

triser suffisamment les paramdtres phyeiquea de la décomposition thermi-
que dee matériaux étudiés pour rendre le plus reproductible possible las
atmosphdres produites. Ce prototype doit possdder les carasctdrese spéci-

fiques suivants : volume clos relativement faible, rencuvellement d'air

rapide (total en trois minuteas), posaibilité d'arrfit pratiquement total

de la ventilation, pour pouvoir tenter la simulation de situations ren-

contrées en aéronautique.

Nous présentons ici le prototype de chambre d'essais réalisé au Centre
d'Etudes et de Recherches de Médecine Aérospatiale ainsi gque les premiers
réaultats obtenus. La but de cette étude est de pouveir, ultérisurement,
At suivant les critdres de danger choisis, fournir les bases de sélec-
tion de matériaux d'aménagement de cabines d'aéronefs.

INTROOUCTICN

Une série d'évdnements rdécents a de nouveau attiré ltsttention sur le drame que constitue un
incendie dens les lieux restreinte st habités. Dans les constructions terrestres les individus
soumis 3 un incendie peuvent aespérer s'y soustraire par une évacuation dee locaux si les conditiona
sont favorables. Par contre, lorsque le feu se déclare dans une enceinte close telle qu'une cabine
d'avion, la réaction de fuite n'est pas possible at il faut d'abord regagnher le spl dans les con-
ditions minimales de survie. Un incendie en vol (feu de moteur, feu de cahbine) est relativement
rare. Selon L'AGARD (1) il ne compte gque pour un vingtidme de la probabilité des accidents sérieux
comparéd aeux incendies aprds crash. Ce type d'incendie eat généralement bien contr81é, surtout en
ce qui concerne les feux de moteur. En ce qui concerne les feux de cabine, une 6tude de la C.A.A.
(2) leur attribue 7 accidents en vol dens l'aviation civile entre 1963 et 1974, Les trois princi-
paux ont cependent fait au total 251 victimes. On peut donc dire que cette éventuelité est rare et
gue 81 les passagers doivent survivre, le feu ne peut 8tre que de nature testreinte. Mais la con-
tribution des matériasux de cabine 3 l'aggravation des conditions d'incendie suivant certains at-
terrisseges catastrophiques aest loin d'8tre négligesble. De ce feit, les dangers dOs aux feux de
wmatériaux de cabine ont été placéds au quatridme rang sur les sept de l'échelle établie par 1'AGARD
(1). Ces matériaux, surtout depuis le développement messif de l'emploi des matdriaux synthétiques,
ot l'ansemble dee combustibles divers (v8tements, journaux, revuss, alcools, bagages 2 main) ap-
portés par les passagers sont trds sensibles au feu. Dans ce cas, les gaz toxiques deviennent le
prabldme majgur.

C'est pourquoi il est nécessaire de pratiquer une sélection de matériaux présentant le mini-
mum de toxicité en cas de feu & bord. Dans cette optique, de nombreuses études ont 6té mendes 2
travers le monde -et principalement esux Etats-Unis- pour évaluer la toxicité des produite de décom-
position thermique de divers matérisux (3 & 21).

Ces diverses études conduisent 3 deux remargues essentielles @

- les produits de décomposition tharmique des matériaux varient énormément en faonction dea nombreux
facteurs : nature et composition du matérisu, température de décomposition, composition de 1'at-
mosphdre, conditions de ventilation, géométrie des échantillons dtudiés...

- 1'étude analytique dee atmosphéres produites ne suffit pas pour évaluer les risques encourus en
cas d'intoxication accidentelle. L'introduction d'snimaux dans le proceasus expérimental est né-
cegsaire pour satimer la perturbation dess paramdtres physiologiques au cours de cetts imtoxica-
tion.

Nous avons tenu compte de ces deux remarques dans 1'étude concernant l'édvaluation de la to-
xicité des produits de décomposition thermique des matdriaux d’aménsgement des cabines d'asvion que
nous avons entreprise sur commande de la Direction des Recherches Etudes et Techniques (D.R.E.T.).

Nous avons été anenés

1 - A définir un "moddle feu" permettant de maitriser suffisamment les paramdtres physiques de 18
décompoajtion thermique des matériaux dtudiés pour rendre ls plus reproductible poseible les
atmosphdres produites. Du fait que dans les aéronsfs on a souvent 3 Paire 3 des conditions ex-
tr8mes de feu : combustion avec excds d'air, éventuellement oxygdne, ou , 8su contraire, suivant




la localisation (esoute, placard 2 vBtements) ou en cas d'arrBt de la ventilation, a des condi-
tions de décomposition thermique voisines de la pyrolyse avec confinement de 1'atmosphdre, ce
systdme doit, de plus, posséder legs caractéristiques spécifiques suivantes :
. renouvellemsnt d'air rapide (total en trois minutes) par flux laminaire ;
. possibilité d'arr@t pratiquement total de la ventilation ;
. possibilité d'apport d'oxygdne pur dans la ventilation ;

. volume clos relativement faible.

2 - A exposer des animaux aux gaz toxigues produits afin d'étudier la réponse & l'agression de
ltarganisme entier avec sss susceptibilités et ses réactions.

te systdme expérimental présenté dans cet article comprend donc un "moddle fey" original

dont les caractéristiques psrmettent de répondre ) des contraintes spécifiguement aéronautiues dans
le cadre de notre é6tude mais peuvent dgalement autoriser son emploi pour simuler les conditions de
feu dans des constructions terrestres ou autres atmosph&res confinées (sous-marins, navires, véh:-
cules stratégiques divers...). Ce "maoddle feu" est relié 2 :

un ensemble de dosage des composants de l'atmosph2rse créée

. un ensemble d'sxposition d'animaux pour l'dévaluation des effets physiologigues de ces
gaz.,

DESCRIPTION GENERALE OU #iGDELE FEUM

Le "moddle fsu" est composé de trois parties distinctes :
. l'enveloppe
. le module de chauffage
. lo porte échantilion . JL

thermique = —

n

i

[

|
Chambre da i d
:é:omncsitiomﬁ 1T

Chambre
ge mélange
das gaz

\""""-'-.\F-."__‘ - S\ 4/

v v
Zone d'asttante Zone de chauffarye 7one de fin ge réaction
SCHEMA N° 1
1.7. - L'enveloppe

€lle est réalisde en acier Inox 31u Titane, alliage présentant une bonne inertis chimique st
une résistance élevée aux gez corrosifs dégagds lora des décompositions thermigues.

L 'envaloppe du "moddle feu” comprend troie partia solidaires :
. la chambre de décomposition thermique :
las buses d'admission d'air:
la chambre de mélange cdes gaz de combuation.

1.17.%, - La chembre de décomposition thermique
Catte chambre, d'un volume total de 0 litres, pertie centrale du "moddle fau™, est consti-

tude par un cylindre de 450 mm de longueur et de 300 mm de diamdtire intdrisur ocuvert 3 ses deux
extrémités pour parmettrs un accds aisé en son centre {(cf schémas n® 1 et 2). Lors des expériences

-
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de décomposition thermique,
1'étanch8ité de cette chambre
est assurdg par deux plaques
de Pyrex ‘ maintenues par des
supports méatalliques.
Cette chambre comporte dane
sa partie supérieure dgux sé-
ries de trois fentes (:)chacu-
ne ayant une longueur ds 180mm
et une largeur de Tmm. Ces
aix fantes supérieures cons-
tituent les arrivées d'air
dans la chembre de décomposi-
tion thermigue. A le partie
inférieure de cette chembrs,
dgux séries de trois fentes
ayant chacune une longueur
de 180mm et une largeur de
2mm permettent 1l'évacuation
des produits et gez de décom-
position thermigue vers la
chambre de mélange des gaz.

17.1.2, -~ Les buses d'admission
dtair (cf. schéma n° 3)

Les buses d'admission d'air
sont au nombre de six et cor-
respondent aux six fentes
d'arrivée d'air dans la cham-
bre de décomposition thermique.
Chague buse est constituée
d'une pidce métallique de
180mm de longueur et de 3Umm
de largeur. A 1ltintérieur,
les buses comportent un sys-
tdme de chicanes destindes &
répartir 1'air de fagon unifor-
me sur la longueur totale da
chaque fente.

1.1.3. - La chambre de mélan-
ge des gaz de combus-
tion

Cette chambre, située sous
la chambre de décomposition
thermique, est en relation
avec celle-ci par l'intermé-
diaire de six fentes permet-
tant le passage des gaz de com-
bustion. E£1le est constitude
par un demi cylindre de 850mm
de longueur et de S0mm de
rayon soudé & la pertie infé-
rieure de la chambre de dé-
compasitiun thermique.

1.2. - Le module de chauffage

Le chauffage du "moddle feu"
est assuré par un snsemble de
cing résistances €lectriquass
chauffantes dea 600 W chacune,
soit une puiasanceg maximsale

dg 3 KU.
Le module de chauffage est conatitud de deux plaques de silice i;?aolidairea 1'une ds 1'sau-~

tre par guatre entretoises en silice. Ces deux plagues, distantes de 1
de ud4mm de diamdtre psrmettant ls passage de 1'échantillon et de cing
diamdtre. Ces cing trous sont destinés 3 recevoir cing tubes de quartz

mm, sont percédes d'un trou
trous latéraux de 25mm de
@ Y ltintérieur deaguels

sont placdes les résistances chauffantee ainsi protégées des gaz corrosits dégagés lors des expé-

riences de décomposition thermigus.

Ca module de chauffage est placd dane la partie centrale de la chambre de décomposition

thermique.

1.3. - Le porte échantillon

L'é6chantillon du matériau testé est plecé sur un chariot en wuartz <:>d 300mm de longueur
et de 30mm de largeur. Ce chariot est mobile et posd sur deux rails eh quartz é:)traversant la
chambre de décomposition thermique sur toute sa longusur. Ces deux rails, solidaires entres sux,
reposent A chaque extrémité de la chambre sur des barres métallinusea ds soutien.

M
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CARACTERES SPECIFIQUES DU "ODELE FEU®
2.1. - La ventilation

L'air arrivapnt dans la chambre de décomposition thermique est réparti par les six buses
d'admission d'air (jB . Le débit global est réglé 2 1'aide de six débimdtres 3 1200 litres/heuro.
Ce réglage assure uUh renouvellement de l'air de la chambre de décomposition thermique toutes laes
traois minutes, ce qui correspond aux conditions aéronautiques normales de ventilation. Le débit
d'air et la teneur en oxygdne peuvent 8tre modifids pour étudier l'influance de ces deux facteurs
sur la ddcomposition thermique dee échantillons étudids.

Les buses d'admission d'air (i) ont 6té congues avec un systdme de chicanse permettant d'ocb-
tenir A 1'intérieur de le chambre de décomposition thermique, un flux d'eir laminaire (cf. schéma
n° 4).

Les gaz de combustion passent ensuite dans la chambre de
mélange ou un gnsemble de deux agitateurs (I) assure ltho-
mogénéité du gaz d analyssr.

o/ 2.2, - Le systdme de rdgulation et de programmation
X % de température

te cheuffage de l'échantillon est réglé par un systdme
de régulation et de programmation de température piloté par
un des quatre thermacouples 6t> traversant l'enveloppe.

2.2.1. - Le régulateur de température
Il commends l'alimentation électrique du systdme de chauf-
fage et essurs une stabilisation de la température 2 la
valeur affichée.

2.2.2. - Le programmateur de température

Ca générateur délivre une tension de référence qui croit
ou décroit linéairement pendant une durde prédéterminde
allant de une minute 2 quelgues heures.

A l'aide de cet ensemble de régulation et de program-
mation de température, nous pouvons donc effectuer deux
types dfessais da décompasitiaon thermique

. gssais 2 température fixe pendant un temps déterminsg;
. @ssais avec montée progressive de température.

Dans les conditions actuelles, avec une pulssance de
3 KW, la température maximale obtenue deans la zone de chauf-
fage est de 0650° C. Une modification des ré§sistancee chauf-
fantes st une augmentation de puissance doivent permettre d'atteindre prochainement une température
de 900° C.

SCHEMA N° 4

2.2.3. - Le aystdme d'avance de l'échantillon

Les matériaux & tester sont placés sur le chariot porte échantillon qui pesut se déplacer sux
toute la longueur de la chambre de décomposition thermique. Ce chariot, supporté et quidé par deux
rails en quartz, est tiré gr8ce 3 un fil de platine relié 2 un moteur électrigue 3 ellure variable.
Il est possible de ce faeit d'effectusr deux types d'essais :

. aseais statiques : l'échantillon reste centrd dans la zone de chauffage pour subir uns
décomposition thermique 3 température fixe ou en programmation de température.
assais dynamiques : l'échantillon est placé avant le début de l‘'expérience dans la zone
d'attente. Lorsgue la température dédsirde est atteinte, le moteur d'entralinement du cha-
riot est mis en marche. Celui-ci avance donc dans la zone de chauffage d vitesse cons-
tantes. Nous réglons actuellaement l'avance du chariot 5 une vitesse de 1 cm/mn. En testant
das échantillons d'une longueur de 30 cm, nous réalisons donc des essais d'une duréde
totale de 30 minutes.

Un systdme d'asservissement de l'avance du porte échantillon en fonction de la vitesse de
combustion sera décrit ultérieurement.

SYSTEMLS D'ETUDES DES PRODUITS DE DECAOMPOSITION THERMIQUE

L*étude des produits de décomposition thermique comporte une partie analytique et une partie
toxicolanigue.

tL'analyse de l'atmoephdre produite dans la cnambre de décomposition thermique est assurée
par un ansanble d'appareils connectés Y la sortie de la chambre de mélangs des gaz (cf. schéma n°® 5).
Les princinnux toxinues dosds en continu sont
oxyde de carbone CO
dioxyde de carbone C02
oxygdne 02

oxyda d'azate NO - NOx
hydrocarbures totaux _
chlorures C1 at cyanures CN
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. densité des fumédes.

L'étude analytique est complétée par une étude toxicologique sur l'snimal @
. toxicité suraiquB elvéolaire sur le lapin
. toxicité en ventilation spontanée sur le rat;
. toxicité comportementale sur la souris.

RESULTATS ET DISCUSSION

Lee produits de décomposition thermique de troies matériaux {peupliers chlorure de polyvinyle-
PVC, polyuréthane-PU) ont été étudiés selon deux protocoles opératoiress
. découpcsition lors d'une montée progressive de tempéreture de 20 & 560° C :
. décomposition & température fixe 450° C.

Afin de pouvoir comparer sntre eux les résultats obtenus avec chacun de ces trois matériaux,
les concentrations des produits de décomposition thermique sont exprimés en mg de toxigue dégagé par
1 gramme d'échantillon et en 1 minute.

4.1. - Décomposition thermique par montée progressive de température
4.1.1. - Conditions opératoires
. Température : 20 & 560° C

. Duréde totale de l'essai : 30 minutes
. Débit d'air : 1200 1/h.

Echantillon Dimensions (mm) Poida (g)
Pguplier 100 x 20 x 7 4,05
pyC 100 x 20 x 3 9,75
Py 100 x 30 x 10 1,15

L'échantillon est placé sur le chariot porte échantillon situé au centre de la zone de chauf-
fage du "moddle feu". Une fois installé le systdme de chauffage est programmé et déclenché pour
atteindre la température de 560° C en 30 minutes.

4.1.2. - Résultats (figurea 1, 2, 3)

Les températures de ddgagement maximum des principaux produits de décomposition thermique
sont indiqués dans le tableau 1. Les concentrations en toxigues augmentent avec l'édldvation de
température mais on constate que les températures d'apparition et de dégagement maximum diffdrent
suivant le matériau testé. ARinsi, le dégagement maximum d'oxyde de carbone est obtenu pour des
températures variant de 350° C pour le peuplier a 515° C pour le PVC.

On peut donc définir pour chaque matériau une "Température critique®™ qui correspond 3 la
température de dégagement maximum du toxigue majeur.

Echantillon Toxique ma ;eur Température
critique
Peupliar co 350° C
pyC HC1 345° C
PU HCN 5159 C

4.2, - Décomposition thermique 3 température fixe 450° C
4.2.1. - Conditions opératoires

Température : 450° C

Vitesse d'avance du chariot : 1 cm/mn
. Durée totele de 1l'essai : 30 minutes
. Débit d'air & 1200 1/h,

Echantillon Dimensions (mm) Poids (g)
Peuplier 300 x 20 x 7 10

pVC 300 x 20 x 3 27

pU 300 x 20 x 10 3,2

L'échantillon eet placé sur le chariot porte échantillon situé dane la zone d'attente du
"moddle feu" et est progressivement introduit dane la zone de chauffage dont la température a été
stabiliede A 450° C.

4.2.2. - Résultate (figures 4, 5, B6)
Les concentrations en produits de décomposition augmentent avec le temps. On constate pour

les trois metériaux testéds une cinétique de dégagement semblable comprenant deux phases successives
(figure 7).

- 1° phase jusqu'd la 20dme minute correepondant 2 une augmentation d'abord lente puis rapide des
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concentrations en produits de décomposition. Il faut noter dans le cas du peuplier un dégagement
de toxiques beaucoup plus rapide qu'avec le PVC et le PU.

- 2° phase de la 20&me i la 30dme minute. C'est un plateau de stabilisation ol la concentration en
toxiques n'augmente plus. 11 sp réalise dans l'enceinte du "moddle feu" un équilibre entre la quan-
tité de toxiquae dégagéa par le matdriau et celle évacude par le flux d'air parcourant ls chambre
de combustion.

D'autre part, la reproductibilité des atmosphdres produites dans le "moddle feu' a été tes-
tée. Cing essais de décomposition thermique 3 450° C ont été effectuds sur chaque matériau. Le
tableau (2) décrit un résumé des résultats obtenus et de leurs pourcentages de variations. On peut
conclure 3 une reproductibilité trde satisfaisante de ce "moddle feu” puisque l'on obtient des
pourcentages de variation d'snviron 10 % a4 1'équilibre. En ce qui concerne les toxiques dosés par
potentiomdtris (HCl1 - HCN) le coefficient de variation est plus important car 1'affusion de réactif
(AgN03) est fonction d'une différence de potentisl minimals entre les deux élaectrodas (référence et
mesure) .

CONCLUSICN

On peut conclure du présent exposé que nous dispasons d'un "moddle feu" permettant une re-
production sstisfaisante d'atmosphdres toxiques et la maftrise de nombreux paremdtres pouvant in-
fluencer sur leur composition. Les résultats des premidres études toxicologiques seront relatées
dans une prochaine communication.

TEMPERATURE
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B 4 _ H H - :
- DY SRS Tt SRR :
: 4060 - f Hydrocarburae: co :
: 515 - ; co ! HCN ! 1
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TABLEAU N° 1 : Température de dégagement maximum des
principaux produits de décomposition

thermique.

: T;:”Ecnantulon: co : co, :Hydrocarburss: NOx 4 HCN HC1 ‘
s , ‘ Peuplier :110,0 t 3 %:549,2 ¥ 3 %: 65,7 ¥ 23 %:0,147 ¥ 39 ;;: - : - ,

: 10 : PVC s 11,4 Y25 %: 38,2 % 48 %; 58,3 F 11 %, - : - :1238,1 ¥ 31 %,
Lo LR geetvm - imsterie fmgiofwmgl -
L ; Peuplier 1154,9 pET %:919,6 t 19t eo,e T ;0,187 t 30 % - : - :
N + 20 3 PUC s 42,1 Y 8% 351,53 T 0%, 77,4 5 9, - : - :205,8 ¥ 31 5,
) : 'y :143,4 t 49 %: - :110,5 e %:9,8 ¥ %’ 7,5 Y33 g - :
..” X Upouplior 15,0t 11 xhom,o Tsx a0 Taokiones Too ki o P T
‘\ : 30 @ PuC c 60,8 T 7% y554,5 T 10%; 82,8 % 11 %, - . - :338,7 ¥ 25 %,
é_ “ P ey :me,sfg?ﬁ: - :125,0f9%:14,o —4%18,0—257(’: -
-

TABLEAU N° 2 : Réaultats A la 103me, 208me et 303me mi-
nutes : pourcentages de varistion.
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ACUTF. CARBON MONOXIDE POISONING
BY
H.D, Madill and R.J, Gill

Defence and Civil Institute of Fnvironmental Medicine
P,v, Box 2000, Downsview, Ontario, Canada M3M 3Bg

INTRODUCTION

The principal toxic action of carbon monoxide is accepted as being due to its combination with
hemoglobin to form carboxyhemnglobin (COHb)., This has the effect of diminishing the oxyeen carrying
capacity of the blood as well as altering the oxygen dissociation characteristics of the remaining oxy-
hemoglobin, This fundamental action of carbon monoxide is utilized as an objective measure of the degree
of exposure and resulting intoxication based upon the level of COHb produced, The relationship between
variable physiclogical parameters such as diffusivity of the lung. the ventilation rate and the affinity
of blood for O, the 0 concentration in inspired air and the exposure time has provided a valuable
means of predicting TOHb formation (1-4),

STANDARDS FOR ACUTF CC FXPOSURE

The formaticn ~f "PHL is utilized as the indicater of toxicity in the establishment of standards
for maximum 0 exposures, These standards are based upon dosages (Ct), determined by the cencentration
of CM in the ambient air and the time duration of exposure, As these relationships have been well
established, the resulting COHb levels may be predicted. Cuch a relationship is illustrated in Fig. 1
based upon the equation of Coburn et al. (3) applied to short term exposures for individuals engaged
in heavy work., Maximum exposure limits have been derived in the formulation of standards such as is
illustrated in Figure 2 (5), 0On the basis of the relationship illustrated in Fig, 1 the standard
shown in Fig, 2 would limit COHb formation to 10%,

FIGURF 1

ABSORPTION OF CARBON MONOXIDE
DURING HEAVY WORK

Ref. Peterson, JE. and Stewart, R.D. 1970
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FIGURE 2

Maximum Allowable CO Concentration

MIL-8TD-800, Procedure for Carbon Monoxide
Detection and Control in Afrcraft, 1958.

€O 1000
PPM

This standard provides useful guidelines for maximum exposure dosspes, however, there may exist
a diminishing margin of safety which it offers in the range nf short term., high concentration
exposures.

FIFLD FXPOSURE FXAMPLES

Diving

A human exposure to a known hiph concentration of 7 was Tound in a “anadian sperts diving
accident occurring in 1077, This accident invelved seven pecple. The intividuals in this accident
had the misfortune of charging their divine tanks from an rverheated high pressure ajr compressor, A
pest accident analysis of the air in the last tank charged Trom this compress-r is shown in Table 7
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“he profiles for CO evolution within the confines of an armoured fighting vehicle during the
test Tiring of a 7,62 mm and 50 cal machine gun carried out by the authors are illustrated in Figures
Tand L,

FIGURE 3
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The pretocal for the testing ~¢ weapons in armoured vehicles under static conditions calls for
the procedure e be carried cut by means 7 remote weapons firing and €O sensing {f possible. Where
tpct personnel must ~reupy the interine of the vehicle, a maximum dosage (Ct) of 6000 ppm min is not
t~ be oxceeled, This criteria is il'ustrated in Fipure 3 where under the clogsed down condition with
no ventilation, a "t ~f SA00 ppm orin was achieved in seven minutes and the test was terminated. The
Hh of 4 non-smrking individual exposed to this condition determined by the measurement of CC in
expired air [£), was found +~ be €,37 at the end «f this period,

4
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Occupational Exposure
Very high dosages of CO may be received as the result of more prolonged exposures to lesser
concentrations of carbon monoxide. Such a condition is illustrated in a carbon monoxide survey
conducted in a poorly ventilated weapons test range building. The "0 profile measured during this
¢ survey is illustrated in Figure 5.

FIGURE 5

CO concentrations in a weapons test range
during firing of a 7.62 mm GPMG
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The 'C was measured in the immediate vicinity of the weapons techuician operating the ranre,
As all firing was conducted by remcte methods, behind a protective barrier. his activity was ludged
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A

ppm min after &5
minutes ~7 firing and O5007 ppm min after Q0 minutes ~F firing, The wearcn technician was & non-
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produced by 0 was shown to be preater than that resulting from hypoxia alone. These authors further
demonstrateed that the (O effects were reversed by light indicating a photodissociation of O from
its site of binding as would be the case for an iron-porphyrin complex such as cytochrome a3 oxidase,

The investipations reviewed point towards carbon monoxide having other possible mechanisms of
toxicity in addition te the formation of COHb,

CONCLUSTON

vurrent military standards for maximum CC exposure consider the time-~concentration relaticonship
of U0 exposure and are hased upen the effects known to be produced at varying COHb levels. While the
formation of C0OYh {s a principal determinant of (C poisoning it may not reflect the true severity of
intoxication for brie? expeosures to high concentrations, For this reason, as well as the potential
for other toxic actiosns of 00 exerting their effect, the application of the upper limits of
expaosure in standards must be viewed as having a very small margin of tclerance towards the
prevention o decrements in performance or the assurance of human safety,
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INFLUENCE DE L'ALTITUDE SUR LA TOXICITF

DES OXYDES DF CARBONE

PAR : H. VIEILLEFOND - J.L. POIRIER - H. MAROTTE

LABORATOIRE DE MEDECINE AEROSPATIALE - CENTRE D'FSSAIS EN VOL F 91220 - BRETIGNY-AIR

INTRODUCTION

Dans les cunditions normales du vol et essentiellement du fait de la ventilation liée & la
pressurisation, 1'atmosphére des cabines d'aéronefs ne présente aucun signe de pollution méme pour des
vols de lonque durée (VIEILLEFOND et Col 1977).

Il n'en va pas de méme lorsqu'un incendie se déclare a bord ou lorsque par suite d'une avarie
du systeme de climatisation des gaz d'échappements des propulseurs péneétrent dans la cabine.

Des accidents aériens récents ont montré qu'une intoxication massive de 1'équipage et des pas-
sagers pouvait avoir lieu avant méme la destruction de 1'avion par le feu ou le crash.

Dans ce genre d'accidenl, les polluants gazeux libérés dans la cabine peuvent étre extrémement
variés, mais les oxydes de carbone sont toujours présents,

La toxlicité des oxydes de carbone est aujourd'hui bien connue mais on s'est moins intéressé &
une éventuelle potentialisation de leurs effets toxiques par 1'altitude.

te but du travail présenté ici est de préciser le r8le d'une diminution de la pression partielle
d'oxygeére sur la toxicité d'un mélange inspiré contermant du monoxyde ou du dioxyde de carbone. Les études
ort été menées sur 1'homme pour le dioxyde de carbone et pour des raisons de sécurité sur 1'animal en ce
qui concerne le monoxyde.

Dans le premier cas on a cherché A mettre en évidence une éventuelle dégradation de la perfor-
mance psychomotrice d'un opérateur humain travaillant en altitude, en méme temps qu'étaient étudides les

réactions ventilatoires et cardio-vasculaires.

Dans le deuxieme cas on a cherché & établir si 1'hypoxie interférait sur la concentration
léthale 50 p. cent des oxydes de carbone chez 1'animal.

METHODOLOGTE €1 PROTOCOLE

1 - Chez 1'homme ]'étude a été mende en trois phases successlyres,

La premiere effectuée au sol (Pp muyenne = 1007 mb) avait pour but d'acquérir les données
témoins en debors du stress altitude.

la seconde a été effectuée au caisson d'altitude a 2900 m soit Pp - 795 mh,
Ia troisidme enfin a €4é conduite 3 5000 m so1t PR = 542 mbh,

Au cours de chacune des trois phases les sujets ont inbalé un mélange composé soit d'sir normal
so1t de mélanges enrichis en gaz carbonique de fagon & atteindre les concentrations de 0,5 - 1 - 7 et
4 p.ocent.

les pressions partielles 1nspirées en (07 varient par conséquent au sol de 2,2% 3 30 torr, a
2900 m de 1,8 4 24 torr et A 5000 m de 1,5 & 16 torr. les mélanges ont été abtenus par une méthode volumé-
trique et controlés par spectométrie de masse.

lin masque orofacial type aviation permettait 1'icohalation du mélange respiratoire et la mesure
du débit ventilatolre par pneumotachoqgraphie. ta saturation en oxynene de 1'hémoglobine artérielle a été
controlée en continu,

Au plan cardiovasculiaire, les techniques de pléthysmonraphie par impédance électrique ont permis
de mesurer les variations du débit aortique et du débit cérébral.

fnfin, la performance psychomotrice des sujets d'expérience a 8té apprécié~ en étudiant les
résultats obtenus lors d'une tache complexe associant un test de poursuite compensée sur deux axes repré-
sentant la tache principale et oun test de détection de signaux lumineax aléatoires réalisant la tache
secondyire,

Nuatre cajets valontasres adultes, en banne santdé, ot biea entraanés aux teasts puaychomnteurs
ont participé A 1'expérimentat 1o, Le méme protocale a été atilisé ausst bien au sol gu'en altitude et :
pour chacune des concentrat ion en dioxyde de carbone.

le sujet dquipdé des ¢lectrodes de teceuil et des différents capteurs est 1nstallé nssis devant
la butterie de tests de performance, Fauipé do masque 1nhalateuar 11 respire 1'air ambiant. | e caisson est i
alors amené A g pression correspondante 3 1'altitude choisie, lorsaue celle ci est stabilisée le départ de
'expérience et donné ot le cigjet commence & inhaler le o¢lange respiratoire réaliseé pour 1'essal du jour.
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L'enreqistrement des paramétres physiologiques est effectué a la cingiuéme minute.

A la i3 éme minute le sujet effectue un test psychomoteur qui dure lui méme 10 minutes.

A 1'issue de celui ci un nouvel enregistrement des paramtres physiologiques est effectus.
L'expérience comporte ainsi quatre tests de dix minutes séparés par des temps de repos de

10 minutes dont les cinq premidres servent aux enregistrements physiclogiques. De telle sorte que la durée
totale de 1l'expérience est de une heure trente.

2 - En ce qui concerne 1l'expérimentation

L'altitude a été simulée en rétablissant
sol & 2000 et 5000 m. L'exposition des animaux a été

aninale

au sol, la pression partielle d'oxygéne régnant au
réalisée dans une cage spécialement congue et permet-

tant la préparation extenporanée des mélanges gazeux enrichis en €0 ou CO7 e en oxygene sans risque pour
les manipulateurs.

Grace a un systéme de sas, les animaux étalent intruduits brusguement dans 1'ambiance toxique.
le temos d'exposition a été fixé & 15 minutes pour tous les essais. Ce temps parait représentatif des
conditions aéronautiques puisqu'en vol il ne peut étre question ni d'évacuer un appareil en moins d'un
quart d'heure apres le début d'un incendie, ni d'accroitre ia ventilation, celle ci entrainant une propa-
gation de 1l'incendie.

La toxicité a été évaluée par la méthode classique des concentrations léthales 50 p. cent. 1]
a #té tenu compte dans le dénombrement des déces de ceux survenus dans les 48 heures qui suivent 1'exposi-
tion. L'animal choisi était le rat WISTAR femelle pathogen-free de 100 a 120g.

RESULTATS

L'étude de la toxicité aique des oxydes de carbone chez 1'animal a fourni les résultats sui-
vants.

tn ce qui concerne le dioxyde de carbone, la toxicité , exprimée en pression partielle léthale
pour 50 p. cent des animaux, est relativement indépendante de 1'altitude. Flle passe de 39 kPa au sol
a 36 kPa a 2000 et 5000 m pour une exposition de 15 minutes.

Au contraire, la concentration toxique en monox\de de carbone exprimée de la méme fagon est
trés sensiblement proportionnelle & la pression barométrique. [n effet elle est de 8,2 hPa au sol mais
seulement de 6,15 hPa & 2000 m et de 4,48 hPa & lwltitudede 5000 M,

Ce résultat ne fait que confirmer les données de la littérature concernant le mode d'action
toxique de ]'oxyde de carbone par fixation peu réversible sur 1'hémoglobine avec déplacement de 1'oxygene.

L'inhalation en altitude de mélanges hypercapniques apporte chez 1'homme des modifications
des qgranceurs cardiovasculaires et de la performance psychomotrice.

lLes résultats de la performarce psychomotrice montrent d'une part qu'il existe unc  uriabilité
interindividuelle vis 3 vis des effets du dioxyde de carbone comme de 1'altitude et que d'autre part 1'effet
du gaz carbonique est différent selon 1'altitude considérée.

Certairs sujets ameéliorent leur performance en altitude et, lorsque la fraction i1nspirée de
"2 avgmente & une aititude donnée. | autres au centraire, diminuent leur performance en altitude quelle
aue solt la valeur de 1'hypercapnie. Les dernier. ntin diminuent leur performance lorsque la pregsion
partiell de qgas carbonique augmente dans l'air inhalé au sol ou & faible altitude mais I'améliorent
raqi’elle augmente & 5000 m,

ant s1 1'on fa t abstraction de ces différences interindividuelles, on s'aperqoit

atau sol el “mola perfarmance reste stable en £ onction de la fraction inspirée en naz carbonique
F 0Oz b © 5000 m la performance est tres déqgradée pour £ C02 nulle tandis qu'elle revient &
des chiiffres 5o ode la normale pour F 1007 = 0,04, Fnfin au cours d’une méme expérience, on assiste
avee le temps o one amélioration de la performance, le dernier test étant significativement amcdlioré au
risgue de 1 op, oeent par rapnort aon premier,

L]l n'a pas é e possible de metire en évidence un r0le quelconque de f{CUz sur le temps e
réact 1on mesurd lors du test drextinction des signaux lumineux. Par contre 1'altitude allonge sigmificati-

vement Je temprs o de réact ton,

lLes grandecrs physioloaiques respiratoires et cardiovasculalres sont classiguement modifiées

par Prhyvnosae dialtitade ot par T'hypercapnie,

U nd genr o une beugre trente A 1'altitude de 2000 m n'influe pas sur la ventilation. Ce résul-
tat s b en corard avec le travarl de S0 et Coll publie en 1974,

Par o cantre o 5000 o an aheerve ane angmentat ton de 30 oL cent de la ventilat ton par tapport gy
. e cagnent ation est o due A la fors A 1 aceralssement duovalume courant ot de 1o fréquence respar-
ot Lo réauttal s analoquens ont #té décrits par PUGH (19640 V0GEL et Cnl (19670 SALTIN (1968

Danes non capériences, quelle que sort T valeur de Ta pression barométrique, Ta ventylation

Soriv e oo ot doranque aa fractainn de [‘f17 inha 1o augment o,
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Mais 10l 'augmentation du débit est essentiellement lide au volume courant. Cette augmentau-
tion est au sol de 37 p. cent lorsqu'on passe de 1'air & un mélange de 1 p. cent de 0z, En altitude,
Praugment at ion du volume courant en fonction de la fraction inhalée de gaz carbonique est plus faible.

Ainsi & S000 m elle n'est gque de 7 p. cent lorsqu'on passe de 1'air & un mélange & 1 p. cent
de (02. 1 "augmentation de la frégquence respiratoire est par contre plus importante qu'au sol.

les grandes variations individuelles dans la réponse ventilatoire au stimulus €02 permettent
de classer les sujets en deux catéqories. les uns ont une réponse intense et précoce, les autres présen-
tent une faible sensibilité au CO».

SHAFFER (1958) LAMBERTISIN (1960) et KELLOG (1964) ont eux aussi décrit des pentes différentes
d'un sujet A 1'avtre, de la courbe de réponse du systéme ventilatoire au stimulus C072. Pour ARKINSTAL
et Coll (1974) cette différence de sensibilité est d'origine génétique mais il n'est pas exclu que ceux
de nos sujets qul sont trés habitués professionnelliement aux expérimentations en altitude alent acquit
une moindre sensibilité asu CO2, telle qu’on la rencontre chez les sujets vivants en haute altitude.

Fa saturation en osygéne de 'hémoglobine (Saly? subit une chute de 3,% p. cent apres trente
minutes de séjour a 2000 m. SIME et Coll (1974) ont rapparté une chute de 3,7 p. cent aprés quelques heu-
res de séjour a AREQUIPA (ville peruvienne implantée 4 U500 mi.Nos résultats sont parfaitement concordant:.

tn plus haute altitude et du fait de la pente de la courbe de Bareroft, la desaturation est
evidemment plus amportante, \pros une heure & 5000 o 1a Sall, o barssé de 36 p. cent par rapport & sa
valeur du nmiveau Jde la mer. -

La moyvenne altitude n'interfére pas sur la valeur du débit cardiaque par contre & S0 a
Lt augment at 1on du débit est plus sensible, de 1'ordre de 10 p. cent. Fn fonction de Ta PaCUp, 11 taut
attendre des valeurs élevées pour voir s'accroltre le débit cardiaque si 1'altitude reste modéreée,
Mats & 5000 m 1l croit en fonction de PiCls;.

{*évolution du débit cérébral est tout 3 fait parallele d celle du débrt cardiaque.

Il est intéressant de noter gue 1'augmentation du débit cérébral en fonction de Pt vt
franche gque jusqu'd la concentration de 2 p. cent. Il semble ensuite v avoir un épuisement du stimai
COs. Ce phénoméne est probablement 116 2 la diminution du débit aortique du & la bradvcardie qu'entian

["hypercapnie.

Cette diminution relative du débit cérébral & 4 p. cent de €02 n'est toutefors pas suftyw
pour entrainer une déagradation de la performance méme en altitude parce  que 1'augmentatron de Ta vert i
tion pulmonaire suffit & elle seule & maintenir presque intacte la halin,

tn conclusion 'inhalation de mélanges hypercapniques n'entraine jusqu'd 2000 m gucune madaiti-
cat 1on phvsiologique autre gu'une hyperventilation,

Celle ci est suffisante pour maintenir la saturation du sang artériel en oxygbne & un mveao
satisfaisant de telle sorte que la performance psychomotrice ne subit aucune déqradat ion pendant une heare
et demi.

tn haute altitude (5800 m) L'hypercapnie est, tant qu'elle reste modérée, responsable d'une
“lévatton du débit cardiague et du débit artériel cérébral. lorsque 1'hvpercapnie devient importante la
bradycardie qui s'installe entraine une diminut 1on progressive des débits vasculaires. Toutefors la
baisse des débits est toujours largement compensée par 1'hyperventilation résultant de la svoergie do
stimulus hvpoxtgue et du stimulus bupercapnigque. 51 bien que 1'on observe pas de chute signmificat ive
de 1o performance psychomotrice. Par contre d 5000 m, les concentrations en aioxyde de carbone de 0,5
et 1 p. ocent sont incapables de corriger les effets néfastes de 1'hypoxie.

| "hvpercapnie s'avere ainst relativement capable de corriger les troubles d'hypoxie d'altitude
tant qu'elle ne s'accompagne pas d'une 1nhalat ion d'oxvde de carbone.
[ "hyperventilation ne ferait alors qutacceroitre 1'intoxicat ion oxycarbonéde dont la sévérité avament e
avec 1'altitude.
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IN-FLIGHT OXYGEN GENERATING EQUIPMENT

DR. JOH ALLEN
NRIGHT-PAT%égégngﬁéB OHIO 45433

SUMMARY

ON-BOARD INFLIGHT OXYGEN GENERATING SYSTEMS PRODUCE HIGH OXYGEN CONCENTRATIONS OF PHYSIO-
LOGICALLY ADEQUATE OXYGEN FOR THE AIRCREWS. IHE QUALITY OF THE OXYGEN 1S DEPENDENT ON

THE QUALITY OF THE INPUT AIR AND THE PRO§§§IONS MADE FOR CONTAMINANT CONTROL. IHE
MOLECULAR SIEVE MATERIAL PROVIDES UP T % OXYGEN WITH CONTAMINANT REMOVAL AND SEPARATION
FROM THE OXYGEN %RODUCT GAS MIXTURE. [HE CHLORATE CANDLE OXYGEN GENERATOR PRODUCES ALMOST
1007% oxYGEN FOR 30 MINYTES AND HAS EFFECTIVE ADSORBER%(;O REMOVE CONTAMINANTS FROM THE
OXYGEN PRODUCED. THE FLUOMINE SYSTEM PROVIDES UP TO 98% OXYGEN IN THE PRODUCT GAZ AND USES
ACTIVATED CARBON AND MOLECULAR SIEVE FILTERS FOR CONTAMINANT CONTROL. [|HE CONCEPT WITH

THE GREATEST POTENTIAL IS THE MOLECULAR SIEVE SYSTEM USING A SPECIFIC TYPE OF SIEVE
MATERIAL FOR OXYGEN CONCENTRATION AND EFFECTIVE CONTAMINANT CONTROL.

INTRODUCTION

IN-FLIGHT OXYGEN GENERATING EQUIPMENT OFFERS THE AIRCRAFT DESIGNER AND AIRCREWS A LIFE
SUPPORT SYSTEM THAT FREES THE AIRCRAFT FROM GROUND BASED OXYGEN RESUPPLY ACTIVITIES EACH
TIME THE AIRCRAFT IS PREPARED FOR A MISSION, THESE ACTIVITIES REQUIRE CONSIDERABLE GROUND
SERVICING FACILITIES AND MANPOWER. HE ACTIVITIES REQUIRED TO RESUPPLY THE OXYGEN STORES
ON-BOARD AN AIRCRAFT CONSIDERABLY EXTEND THE AIRCRAFT TURN AROUND TIME AT FORWARD BASES,
AND THUS THE AIRCRAFT MISSIONS ARE LIMITED TO BASES WITH THIS OXYGEN RESUPPLY CAPABILITY.
ON-BOARD IN-FLIGHT OXYGEN GENERATING CAPABILITY WOULD ELIMINATE THE REQUIREMENT FOR
FACILITIES FOR OXYGEN GENERATION, STORAGE AND SERVICING AT BASES SUPPORTING MISSIONS
REQUIRING FAST TURN AROUND TIME. HIS CAPABILITY WOULD ALSO EXTEND MISSION TIMES BEYOND
THOSE WITH THE CONVENTIONAL OXYGEN SYSTEM.

THE CONCEPT OF ON-BOARD GENERATION OF OXYGEN IS NOT A RECENT UNDERTAKING. (1) THE sum-
MARINE HAS UTILIZED ON-BOARD OXYGEN GENERATION. [|HE COAL MINER HAD A? OXYGEN GENERATION
KIT TO PROVIDE BREATHABLE OXYGEN IN HAZARDOUS OR TOXIC ATMOSPHERES, |HE SPACE PROGRAM
WITH THE REQUIREMENT FOR CLOSED ECOLOGICAL SYSTEMS PROVIDED SIGNIFICANT DEVELOPMENT FOR
ON-BOARD OXYGEN GENERATION IN SPACECRAFT. FOR AIRCRAFT USE, THE OPEN LOOP SYSTEMS WERE
?ETTER SUITED WHERE THE REUSE OF THE CLOSED CABIN ATMOSPHERE GASES WAS NOT INTENDED.

HE OXYGEN WAS TO BE SEPARATED AND CONCENTRATED USING THE ATMOSPHERE OUTSIDE TH% AIRCRAFT.
OR, THE OXYGEN COULD BE PRODUCED FROM CHEMICALS STORED ON-BOARD THE AIRCRAFT. I[H
VENTIONAL AIRCRAFT OXYGEN SYSTEM CAPABILITY WAS THUS SPARED OR EXTENDED.

LIMITED QUANTITY OXYGEN GENERATOR

OXYGEN GENERATING EQUIPMENT THAT HAS BEEN DESIGNED FOR AIRCRAFT USE HAVE RANGED FROM A
SIMPLE CHEMICAL REACTION DEVICE TO SYSTEMS THAT ARE COMPLEX, HIGH POWER CONSUMING AND
EXPENSIVE TO FABRICATE. [HE SIMPLE SODIUM CHLORA}E OXYGEN GENERATOR HAS LONG BEEN USED

BY THE NAVY FOR BREATHING OXYGEN IN SUBMARINES. THIS OXYGEN GENERATOR IN FIGURE 1 HAS
BEEN I[MPROVED AND IS NOW USED ON AIRLINES AS THE EMERGENCY OXYGEN IN CASE OF CABIN PRESSURE
LOSS. WHEN THE HOUSING CAP IS REMOVEB AND THE OXYGEN MASK PULLED OUT, A LANYARD FIRES A
SQUIB WHICH INITIATES THE REACTION, UXYGEN IS PRODUCED AND IS DUCTED TO THE OXYGEN MASK.
FROM THE INITIAL REACTION, THE PRODUCTION OF SOME SALT FUMES, CHLORINE GAS, CARBON MONOXIDE
AND CARBON DIOXIDE IS POSSIBLE BUT THE UNITS WERE PROVIDED WITH EFFECTIVE FILTERS SO THAT
100%7 oxYGEN wAS AVAILABLE, NO REAL TOXIC HAZARD EXISTS WITH THE USE OF CHLORATE CANDLES.

E CON-

THERE WAS A PERIOD OF TIME WHEN DEVELOPMENTAL EFFORTS STRESSED CLOSED LOOP ECOLOGICAL
SYSTEMS WITH BREATHABLE_ATMOSPHERES DESIGNED TO USE SUPEROXIDES OF METALS, FOR EXAMPLE
POTASSIUM SUPEROXIDE. [ i1S MATERIAL WAS EFFECTIVE FOR GENERATING OXYGEN AT HUMID CONDITIONS
WITH THE ABSORPTION OF CARBON DIOXIDE. PROBLEMS WITH THE SUPEROXIDE MASS OCCURRED WITH
CAKING AND REACTION PRODUCT COATING OF THE SUPEROXIDE GRANULES. XCESSIVE WETTING DETRACTED
FROM 1TS CONTINUED USE IN MANNED SYSTEMS. HAZARDS OF HIGHLY IRRITATING ALKALINE DUST WOULD
BE PRESENT IF THE FILTER FAILED OR THE CONTAINER WAS RUPTURED.

THE USE OF OTHER METAL OXIDES SUCH AS BARIUM OXIDE HEATED TO HIGH TEMPERATURES TO DECOMPOSE
THE OXIDE AND RELEASE OXYGEN WAS NOT CONSIDERED PRACTICAL FOR ON-BOARD OXYGEN GENERATION.

CONTINUOUS OXYGEN PRODUCTION BY FLUOMINE

ANOTHER CHEMICAL SYSTEM FOR OXYGEE GENERATION USED A COBALT CHELATE, CALLED FLUOMINE. (2)
THIS OXYGEN GENERATI?g SYSTEM IN FIGURE 2 WAS DESIGNED TO PRODUCE 4.6 LBS/HR_QF OXYGEN
ﬁNT HAD A WEIGHT OF 135 LBS. THE SYSTEM gAs OPERATIONALLY TEST%% IN_THE _C-130 AND THE

-1 AND FOUND TO BE ADEQUATE TO PRODUCE 98 PLUS PERCENT OXYGEN.(3) THE FLUOMINE SYSTEM
IN FIGURE 5 UTILIZED TWO CANISTERS OF THE COBALT CHELATE, ALTERNATELY PRESSURIZED WITH
CONDITIONED ENGINE BLEED AiR, LACH PRESSURIZED CANISTER WAS THEN DEPRESSURIZED, HEATED
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TO 240°F AND EVACUATED TO 3 TO 8 PSIA. A 4-STAGE VACUUM-COMPRESSOR WAS SPECIALLY_ DESIGNED
TO EVACUATE THE CANISTER AND THEN COMPRESS THE EVACUATED ox*een TO A PRESSURE OF 1800 PsIA,

IN THE HIGH PRESSURE GASEOUS OXYGEN TANK IN THE AIRCRAFT. JHE TEMPERATURES ARE RATHER HIGH
AND THE OXYGEN GENERATOR REQUARES A TEMPERATURE CON}RBL SYSESE INTERFACED WITH THE AIRCRAFT
TEMPERATURE CONTROL SYSTEM., HIGH TEMPERATURE ofF 210 T0 F waT VQ?UMM DEBORBS THE

XYGEN, IHE ABSORPTION OF OXYGEN ONTO THE FLUOMINE 1S EFFECTED AT 100YF AND PSIA.

XYGEN [S THUS PROVIDED TO THE AIRCREW THROUGH THE AIRCRAFT GASEOUS OXYGEN TANK AND NO
BASIC ALTERATION TO THE AIRCRAFT OXYGEN SYSTEM IS REQUIRED., AN ON-OFF SWITCH IS REQUIRED
TO TURN THE SYSTEM ON. [|HME TEMPERATURE CONTROL, VALVING AND COMPRESSOR ARE AUTOMATICALLY
igg ROLLED, WHEN THE PRESSURE IN THE OXYGEN TANK DECREASES WITH AIRCREW USE TO ABOUT

PSIA, THE OXYGEN GENERATION SYSTEM 63 ACTIVATED AND OXYGEN 1S PRODUCED AND PRESSURIZED

INTO THE AIRCRAFT OXYGEN TANK UNTIL A 1809 PSI PRESSURE 1S ATTAINED. [HE GENERATOR IS

THEN AUTOMATICALLY TURNED OFF.

THE FLUOMINE SYSTEM HAS BEEN SHOWN JO BE EFFECTIVE AND ADEQUATE FOR THE DESIGN MISSIONS,
BUT IT HAS SEVERAL DISADVANTAGES. HESE ARE THE HIGH COST OF THE COBALT CHELATE, THE
RATHER FREQUENT REPLACEMENT OF THE ACTIVE MATERIAL, AND ITS VERY READY INACTIVATION BY
MOISTURE WHICH TENDS TO ACCUMULATE ON THE FLUOMINE WITH TIME USE.

WITH A?EQUATE FILTERS AND ADSORBERS, THE TOXIC HAZARDS ASSOCIATED WITH THIS SYSTEM HAVE BEEN
NIL. N DUST FORM THE COBALT CHELATE 1S A PRIMARY IRRITANT,.

THE FLUOMINE OXYGEN GENERATION SYSTEM IS BEING ACTIVELY SUPPORTED FOR THE B-1 AIRCRAFT USE.
OXYGEN CONCENTRATION ON MOLECULAR SIEVE

ANOTHE? g?—BOARD OXYGEN GENERATION SYSTEM (OBOGS) wAS DESIGNED ABOUT THE us$ OF MOLECULAR
1eve (MS), A CRYSTALLINE ALUMINOSILICATE COMPOUND ALSO KNOWN AS ZEOLITE. I|HE CONCEPT IN
IGURE 4 1S BASED ON THE PHYSICAL SEPARATION OF THE GASES BY DIFFERENTIAL ADSORPTION,
HE AIRCRAFT ENGINE BLEED AIR IS COMPRESSED ALTERNATELY ONTO TWO MOLGCULAR SIEVE BEDS. (4)
HE NITROGEN UNDER PRESSURE 1S ADSORBED ONTO THE MOLECULAR SIEVE BY VAN DER WALLS FORCES
AND IS RELEASED FROM THE MOLECULAR SIEVE UPON THE RELEASE OF THE PRESSURE. NO CHEMICAL
BONDING OF THE OXYGEN TO THE MOLECULAR SIEVE OCCURS SUCH THAT OXYGEN IS CONCENTRATED BY
PASSAGE THROUGH THE MOLECULAR SIEVE. NO HEATING OR COOLING 1S REQUIRED éE THE OXYGEN
SEPARATION., |HE RESULT IS A PRODUCT GAS MIXTURE WHICH IS APPROXIMATELY 95% OXYGEN.

ProTOTYPE UNé S OF AN o?—BOARD OXYGEN G NERATlgN svsreg ngE DELIVERED FOR INSTALLATION
INTO THE AV-8f (HARRIER) AIRCRAFT. IN FIGURE 5, THE OBOGS wAS COMPARED WITH LI1QUID OXYGEN
CONVERTERS. _THE MOLECULAR SIEVE OXYGEN GENERATION SYSTEM HAD A_VOLUME OF 0,88 cu FT AND

IT WEIGHED 35 LBS. A 5-LITER LOX CONVERTER HAS A vOLUME of 1.05 CU FT_AND AN EMPTY WEIGHT
Tﬁ ég. LBS APPROXIMATELY AND FILLED WEIGHT OF 25 LBS APPROXIMATELY. CAPACITY IS ABOUT
.65 LBS OF OXYGEN,

A 10 vLiTer LOX CgNVERTER HAS A VOLUME OF 1.€ CU FT AND AN EMPTY WEIGHT OF 16.25 LBS AND A
FULL WEIGHT OF 3b LBS.

RESOURCE REQgIEEMENTS Fo§ THE MS OBOGS UNIT CONSI§6 OF COMPRESSED AIR SUPPLIED AT 55 LBS
g R HOUR AT 8-60 PsiA. THE REQUIRED UC POWER IS WATTS WITHOUT EEEUIR?D EATING RUT

0 WATTS WITH HEATING AT EXPOSURES TO LOW TEMPERATURES DOWN TO -65°F, IN FIGURE & THE
MOLECULAR SIEVE OXYGEN GENERATOR IS SHOWN WITH THE COVER OPENED, THE LOW PRESSURE REGULATC™
AND MASK, AND THE OXYGEN SENSOR.

THE CONTRACTOR FOR THE US Navy OBOES UNITS PRESENTED SOME MOST FAVORABLE INFORM?T*SE ON THE

REbbABILITY AND MAINTAINABILITY. FOR RELIABILITY, A MEAN TIME BETWEEN FAILURE (MTBF) of

) HOURS WAS PREDICTED. IHE ONLY MOVING PART WAS A ROTARY VALVE WHICH CYCLED THE
PRESSURIZATION AND DEPRESSURIZATION OF THE CANISTERS ON A TIME CYC&S FOR OPTIMUM OUTPUT

OF OXYGEN CONCENTRATION AND FLOW. MAINTENANCE PLANNING WAS FOR A 2000 HRS INTERVAL TO
REPLACE THE VALVE, MOTOR, AND THE FILTER ELEMENTS. C(LEANING, TESTING AND REPLACING THE

MODULES WOULD BE PERFOREBE WHEN NECESSARY. SINCE THERE WAS LIMITED OPERATION TEST AND
EVALUATION DATA oN AN OBOGS oN AN AIRCRAFT, THE MAINTENANCE AND RELIABILITY INFORMATION

OF THE CONCEPT 1S PRELIMINARY IN NATURE. THE MOLECULAR SIEVE MATERIAL SHOULD BE EFFECTIVE
NDEFINITELY, DEPENDING UPON THE QUALITY OF THE INPUT COMPRESSED BLEED AIR AND THE FILTERS.
HE INPUT AIR MUST BE DRY AND FREE OF PARTICULATES AND GASEOUS CONTAMINANTS.

THE BLEED AIR FROM AN AIRCRAFT ENGINE IS COMPRESSED, COOLED AND THEN REDUCED IN PRESSURE
SO THAT THE AIR AVAILABLE IS DRY AND COOL AND REQUIRES NO REAL CONDITIONING WHEN PROVIDED
TC THE MOLECULAR SIEVE BEDS. OWEVER, THE UNITS AS DESIGNED DO HAVE FILTERS AND DRYING
AGENTS,

COST AND ESTIMATES COMPARISONS OF ON-BOARD OXYGEN GENERATION CONCEPTS HAVE ALL BEEN BASED
UPON THE COST OF THE LIQUID OXYGEN SYSTEM IN AIRCRAFT AND THE GROUND SUPPQRT EQUIPMENT
REQUéQED TO GENERATE AND DISTRng}E LIQUID OXYGEN AND SERVICE AJRCRAFT. HE INITIAL COSTS
ofF L SYSTEMS WAS BASED ON A REPORT WHICH vg% ?CCOMPLISHED IN EVALUATING AN ELECTRO-
CHEMICAL CONC586 FOR ON-BOARD OXYGEN GENERATJON.\{> HE FIGURES HAVE BEEN QUOTED BY CON-
TRACTORS AND PROJECT ENGINEERS IN COMPARING THE CONCEPTS AND DERIVING COST ESTIMATES

OF CURRENT SYSTEMS. HESE NEED TO BE ADJUSTED AND UPDATED FOR INFLATION AND INCREASES IN
COSTS OF FUEL AND OF MATERIALS.

s e




FOR A MORE RECENT COMPARATIVE BAS!S, USING 300 UNITS AS A BASIS FOR COMPARISTNS; THE
MOLECULAR SIEVE CONCEPT SHOULD PROVIDE A COST SAVINGS OF APPROXIMATELY 3 70 1. THe LOX
GENERATORS WERE N?T INCLYDED IN THE COSTING COMPARISONS. SOME ITEMS IN THE COMPARISONS

ARE PRESENTED IN FIGURE /.
EIRCRAFT - 10X ¢ 450,000 0BOGS $1,869,100
QUIPMENE

8§P RT EQUIPMENT 72,% 6,000

URCHASED R % 4 7

ABOR 7 7 ’
EEOT REEAIR UNITS T, 98,8 1,168,888
UPPORT EQUIPMENT )

ToTaLs $11,832,100 3,702,900

THE SAVINGS BASED ON THESE FIGURES WERE $8,130,000, FueL cosTs IN LOX GENERATION, TRANS-
PORTATION AND HANDLING ARE A SIGNIFICANT FACTOR. LABOR COSTS ARE ALSO SIGNIFICANT. [HESE
FIGURES REQUIRE CONTINUED ADJUSTING FOR THE RISE IN FUEL COSTS.

THE COST ESTIMATES OF THﬁ MBbSEgLAR s1eVE OBOGS UNITS WERE BA§EB SN 2D UNIT§ FROM THE
%YSTEM COST FIGURES, AN MS Ung COST WAS ESTxMA§§g AT_53,200 each FOR 300 UNITS.

HE R&D UNITS WERE ESTIMATED AT $15,000 eAcH IN THE 19/8-1979 TIME FRAME., WHEN THE UNIT
COST IS EXAMINE?, THE HIGHEST CQST ITEM COMPONENT IS THE MOTORIZED VALVE. |HE MOLECULAR
SIEVE MATERIAL A?PROXIMATELY LBS) CAN BE READILY OBTAINED COMMERCIALLY AND IS NOT A

IGH COST ITEM. THE CANISTERS, PIPING, CHECK VALVES AND ORIFICES ARE NOT HIGH COST ITEMS.

HE AIRCRAFT MODIFICATION TO PROVIDE THE ENGINE BLEED AIR, THE FILTER UNITS, THE DC POWER,
THE OXYGEN MONITOR CAPABILITY, THE VENTING OF é?E NITS ARE ADDiTIONAL AND SIGNIFICANT
COSTS ASSOCIATED WITH OPERATIONAL DEPLOKMENL.( HK OPERATIONAL TEST AND EVALUATION IS
NOW BEING CONDUCTED BY THE NAVY ON THE AV-8A.,  THE AIR FORCE HAS NOT ACTIVELY SUPPORTED
THE MOLECULAR SIEVE OBOGS w]TH MONEY QR AIRCRAFT. THE ARMY HAS EVALUATED_ON-BOARD OXYGEN
GENERATION UNITS ON THE OV-1 anD RU-21 AND HAS FOUND FAVORABLE R58¥Lgs. THE PROPOSALS
FOR RETROFITTING AF AIRCRAFT HAVE NOT FOUND ADEQUATE SuPPORT FOR OTRE. THE TRAINERS HAVE
BEEN PROPOSED AS LIKELY CANDIDATES.

THE MOLECULAR SIEVE OBOGS uniT w?s DSﬁéGNED TO BE INSTALLED IN THE AIRCRAFT IN THE LIQUID
OXYGEN CONVERTER COMPARTMENE HE GS UNJT REQUIRES A BLEED AIR FEED FROM THE STH STAGE
BLEED AIR TAP WHICH 1S THE ECS AIR SUPPLY ins AIR IS COOLED AND DRIED IN AN AJR CYCLE
MACHI§5 TO PROVIDE THE INPUT AIR TO TH% OBOGS. "THIS INPUT AR MJST BE AT LEAST 10 PSIG,
WITH PSIG AS THE Dggéeg PRESSURE., IHE_MASS Fhow MUST BE LBS/HR. }HE OUTPUT OR
PRODUCT GAS FROM ONE GS PROTOTYPE WAS 2 TO 2.0 LBS/HR OF 957 oxvyGEn. THIS OUTPUT OR
PRODUCT GAS 1S PIPED UNDER PRESSURE TO A 4-LITER PLENUM AND THEN DIRECTLY THROUGH A LOW
PRESSURE REGULATOR TO THE MASK. AN OXYGEN CONCENTRATION_MONITOR MUST BE IN THE PRODUCT GAS
*INE TO VERIFY THE OXYGEN c0N§EgT, THUS MONITORING THE 0BOGS OPERAT%QNAL EFFECTIVENESS,

HE OUTPUT OR PRODUCT GAS IS Y54 OXYGEN; THE REMAINDER 1S ARGON AT 5. CONCENTRATION, A
CONTAMINANT VERY SIMILAR TO NITROGEN WITH RESPECT TO THE PHYSIOLOGICAL ASPECTS OF A
BREATHABLE GAS MIXTURE.

THE PILOT OR CREWMAN WILL SEE A CONTINUOUS FLOW OF OXYGEN ENRIgHED PRODUCT M]XTURE PLUS

ARGON AT A PRESSURE DEPENDENT UPON THE INLET PR§88URE. §ROM USAF ScHooL oF AEROSPACE

MEDICINE DATA AT ﬁAgéy ALTITUDES ABOVE 9, §M6( ,0?9)FT , THE OXYGEN CONCENTRATION REMAINED
- o » LPM '

IN THE RANGE OF 9 AT ALL FLOWS uP TO 7

(GENERALLY AT ALTITUDE, AT THE LOWER INPUT PRESSURE AND AT HIGHER PRODUCT GAS FLOWS, THE
OXYGEN CONGENTRATION WAS LOWER. AT THE HIGH INPUT GAS PRESSURES AND AT THE HIGH AIRCRAFT
LTITUDES (CABIN ALTITUDES), A HIGH PERCENT OXYGEN OCCURS IN THE LOW FLOWS OF PRODUCT GAS.

ggiN(&TE CABIN ALTITUDE APPROACHES THE EXHAUST ALTITUDE, THE PERCENT OXYGEN APPROACHES

TABLE | FROM HUMAN COMPATIBILITY TES gNG AT ScHooL OF AEROSPACE MEDICINE GAVE THE FOLLOWING
ATTAINABLE PRODUCT GAS FLOW RATES. (/) (GRAPH &) LoOw PRESSURE OF SUPPLY AIR RESULTED IN
LOW PRODUCT GAS FLOW RATE; WITH HIGHER INPUT AIR PRESSURES AT ALTITUDE, HIGHER PRODUCT GAS
FLOWS WERE OBTAINED.

TESTING AT THE ScHOOL OF AVIATION MEDICINE INDICATED THAT THEIR PROTOTYPE UNIT PROVIDED
%gEgHﬁTE OXYGEN UNDER ALL SIMULATED ANTICIPATED FLIGHT CONDITIONS UP TO AN ALTITUDE OF

FT AND WITH [MPROVED PREESBRS DEMA?g REGULATION WILL PROVIDE ADEQUATE AND SAFE OXYGEN
PRESSURE FOR PROTECTION up To 44,000 F7, (R)

MoST RECENTLY, FLJGHT TESTING OF THE MS OBOGS UNlT% WAS INITIATED AT THE Havar AIr Test
CENTER, PATUXENT RIVER, MD oN THE AV-8A HARRIER, THE FLIGHT TESTING FOR TECHNICAL
“JALUATION IN EARLY 1980 1s To BE FOLLOWED BY OPERATIONAL ,VAkuAgAON SCHEDULED IN LATE
i 80. UPON CQMPLETION OF THE IECHBVAL/ PﬁVA% UNITS FOR THE AV- ARRIER WILL BE
ELIGIBLE FOR APPROVAL FOR SERVICE Ust, ASU. (&)

THE NAVY EFFORT HAS leohveo THE NavaL AIr Test CenTer, JavaL Missite Test CENTER, AND
HavaL AEROSPACE HEDICAL RESEARCH INSTITUTE,

.4




¥
g
3
¥
.
e
L

Bi2-4

BENDIX, ONE OF THE CONTRACTORS FOR THE MS_QBOGS Has coMpiLED some 20,000 HOURS OF
OBYRATOR TEiTéNG. HERE HAS BEEN SOME 7 ggURs OF successEKL EL#GHT TEST ON I)S Army
; -1 aND EECH KING AIRE AIRCRAFT AND HOURS ON THF EA- ROWLER JAVY AIRCRAFT,

HE HAVY PROGRAM WAS PRESENTED WITH THE FOLLOWING GUIDELINES, DATES AND MILESTONES:

ANRATING WAS COMPLETED - 277 BT USAFSAM
RELIMINARY FLIGHMT EST IN 8 RONLiR WAi gOMPLETED IN 1979
TECHNICAk §ALUATION WAS PLANNED FOR 1979/

HARRIER AV-8A RETROFIT WAS PLANNED IN THE TIME FRAME 1981-1982
ALL cARRIER LOX WAS PLANNED TO BE ELIMINATED,

THE PROBLEMS ASSOCIATED WITH THE MS OBOGS PERTAIN TO THE LOSS OF OXYGEN PRODUCTION WHEN
THE INLET AIR PRESSURE IS REDUCED AND THE MASS FLOW IS INADEQUATE. WHEN THE ENGINE BLEED
é RODUCTION DROP3 DUE TO ENGINE IDLE, ENGINE AIRCRAFT LETDOWN OR ENGINE FAJLURE, THE
0BOGS PRODUCT GAS FLOW IS REDUCED AND A BACKUP SOURCE OF OXYGEN 1S REQUIRED, 1HIS 1S AN
EMERGENCY SITUATION AND REQUIRES AN OXYGEN RESERVE BACKUP, WHICH IS A DESIGN REQUIREMENT

OF THE MOLECULAR SIEVE OXYGEN GENERATION SYSTEM,

THE CONTAMINATION OF THE MOLECULAR SIEVE WITH WATER REDUC&S TS OXYGEN SEPARATION CAP-
ABILITY SOMEWHAT., [HE ENGINE BLEED AIR_SUPPLIED TO THE OBOGS MUST HAYE NOT MORE THAN

GRAINS OF WATER PER LB OF DRY AIR., THE OTHER MAJOR CONTAMINANTS IN BLEED AIR SUCH
AS CARBON DIOXIDE, CARBON MONOXIDE, ALCOHOL, FUT., AND HYDROCARBON BREAKDOWN PRODUCTS
MUST BE AT LOW CONCENTRATIONS TO AVOID CARRY OVE:X INTO THE PRODUCT OXYGEN,
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MOLECULAR SIEVE OXYGEN GENERATION SYSTEM: .
CONTAMINANT STUDIES

Dr. K. G. Ikels and Group Captain J. Ernsting
USAF School of Aerospace Medicine (VNL) .
Brooks Air Force Base TX 78235 - T

The molecular sieve method of generating oxygen enriched air for onboard aircraft
is currently being actively pursued, not only by the United States but other countries
as well. Thus far laboratories have been the prime place for evaluation of the molec-
ular sieve system and, during this evaluation, have been provided with essentially clean
air. In aircraft, however, the molecular sieve system will be supplied with engine
bleed air which may not always be totally free of contaminants. Recent laboratory
studies conducted at the USAF School of Aerospace Medicine suggest that the molecular
sieve system is an effective filter for many contaminants, including water, as noted by
the lack of impairment of performance.

INTRODUCTION

The concept of inflight generation of breathing gas is attractive for military air-
craft from the standpoint of logistics; safety, and cost. The molecular sieve method of
generating an oxygen enriched air breathing gas for application in training and tactical
aircraft is being actively pursued not only by the armed forces of the United States but
by other countries as well. Molecular sieve oxygen generating systems have received
extensive laboratory evaluation (1, 2, 3, and 4) and currently are being flight-tested
both by the U.S. Navy and U.S. Army. Evaluation and physiological assessment of the
molecular sieve system in the laboratory have been generally conducted with clean com-
pressed air. In aircraft, however, the molecular sieve generator is supplied with
engine bleed air which may not always be totally free of contaminants. Laboratory
studies conducted at the USAF School of Aerospace Medicine have demonstrated that low
molecular weight compounds pass through a molecular sieve bed into the breathing gas.
The concentrations of the contaminants appearing in the output breathing gas are, how-
ever, much lower than that in the supply air and have been shown to be directly related
to the output demand flow of the oxygen generator.

METHODS AND MATERIALS

The Molecular Sieve System--The molecular sieve oxygen generator system (Fig. 1)
used 1n this invest:igation was manufactured by the Bendix Corporation, Instrument and
Life Support Division, Davenport, Iowa. This system is similar to the system peing
tested by the U.S. Navy in the AV 8-A "Harrier." A schematic of the Bendix "Harrier
Unit" is shown in Fig. 2.

The system utilizes a pressure swing adsorption process (PSA) with two beds and a
gaseous back purge for bed regeneration. Bleed air is alternatively admitted to the
molecular sieve beds through a filter, pressure regulator, and rotating inlet valve
(6 rpm). As the pressure front propagates through the bed, the air is separated into
several constituents, including oxygen/argon. A portion of the oxygen/argon-rich prod-
uct passes through a check valve and into a 1 liter plenum prior to delivery to a demand
regulator, while the remainder of the oxygen/argon-rich product and nitrogen are utilized
to purge the molecular sieve beds.

Molecular Sieve Sorbent--Chemically, molecular sieves are crystalline aluminosili-
cate compounds called zeolites with the general formula MN,0-A1,0-nSi0O:;-mH.0, where M is
calcium strontium, or barium, and N is sodium or potassium (5). The ability of the
molecular sieve to separate gas mixtures into components is based primarily on the porous
structure of the zeolite crystal. The highly uniform pores, with dimensions in the
molecular range, are formed by heating the fresh zeolite which loses its water of hydra-
tion and undergoes lattice shrinkage. Pore size can be changed by varying the concentra-
tion of the alkali metals in the crystal. Gas mixtures can be separated into identifi-
able constituents on molecular sieve on the basis of physical dimensions (molecular diam-
eters). Polar molecules are retained on the molecular sieve by Van Der Waal's forces
rather than chemical bonding. Thus, the process can be reversed by fairly mild changes
in temperature or pressure.

Experimental Setup--The experimental setup shown schematically in Fig. 3 was assem-
bled to evaluate the molecular sieve performance when challenged by contaminants. The
unique characteristic of this system is its ability to generate contaminants from a ligq-
uid source for hours at a time at presgures greater than ambient. This capgbility is
made possible through the use of Vycor 7930 porous glass tubes. The Vycor™ glass tube
acts as an evaporation tube whose pores have a diameter in the order of L0 angstroms.
The pore size of 40 angstroms makes it possible to have the liquid contaminant on one
side of the glass tube at ambient pressure while on the other side pressures up to 17§
atmospheres can be applied without forcing the liquid contaminant out of the pores.
Thus, such a system provides an excellent means of contaminating air at high flows for an
unlimited time. 1In addition, the steel plenym which has a volume of approximately 300
liters can be heated to a temperature of 125°C. Gaseous contaminants; e.g., methane,
ethane, were fed directly to the steel plenum from a pressurized source through a
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regulator and rotameter in order to maintain a constant flow. It was possible to, there-
fore, generate a contaminant in air in tge ppm range (10-1000 ppm) at flows of 300
liters/min and at temperatures up to 125°C. This contaminated air was then fed directly
into a molecular sieve oxygen generating system for system evaluation.

Figure 1
The Bendix Harrier Molecular Sieve Oxygen Generating System
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Figure 2
Schematic of the Molecular Sieve Oxygen Generating System
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Figure 3. High Volume Contaminant Generating System
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The analysis of the contaminant level in air being fed to the molecular sieve unit
and the contaminant level in the product gas and exhaust gas were measured with a Beckman
Model 402 total hydrocarbon flame ionization analyzer.

Samples of gases taken for analysis included the inlet gas to the molecular sieve
unit, the molecular sieve purge gas, and the molecular sieve product gas. In order to
determine the total amount of contaminant at the inlet exhaust and product of the molec-
ular sieve system, accurate flow measurements were made. Flow was measured by either dry
gas meters or rotameters.

The ingestion of water into the molecular sieve was included in this study, not only
from the point of view as a breakdown product of aircraft fuels/lubricants, but also from
the intake of water when flying through a rainstorm, or engine washing as is the case
with AV-8A, Water was introduced into the molecular sieve inlet air by the use of a
pneumatically operated 50 cc syringe.

EXPERIMENTAL PROTOCOL

The objective of this test program was to determine composition of the product gas
delivered by the molecular sieve system as a function of contaminants, contaminant con-
centration, inlet temperature, and flow at a constant inlet pressure. Composition (0:
and contaminant) of the product gas was measured at each flow as was that of the purge
gas and the inlet gas.

Contaminants selected thus far for this program include methane, ethane, hexane,
methanol, methylethylketone, and water. These contaminants were selected primarily on
the basis of a previous USAF report by K. L. Paciorek, et al. (6). Thir effort charac-
terized breakdown (450°C) products of turbine lubricating oils, hydrauiic fluids, and
heat-transfer fluids (Table 1).

TABLE 1. SOME VOLATILE PRODUCTS FORMED BY AIRSRAFT FLUIDS

ON EXPOSURE TO STEEL SURFACE AT 450
LUBRICATING OILS HYDRAULIC FLUID
TURBO BRAYCO BRAYCO
OIL 2389 880X 7S6E
(mg/g) (mg/g) (mg/g)
co 8.6 8.5 4.4
H20 49,3 67.6 40.4
C02 26.8 25.5 12.8
CHu 0.10 0.09 0.02 i
Cz-SPECIES 6.15 6.82 1.14%
CG-SPECIES 5.53 3.35% 0.789
CB-SPECIES 3.13 8.37 1,43
PROPIONALDEHYDE 2,11 2.27 0.058
METHYLETHYLKETONE 2.29 1.51 1.19
METHANOL 1.19 3.76 0.942

The effect of high ambient temperature on the molecular sieve unit was also under-
taken in this study, in corder to more clearly define the optimum temperature range of the
molecular sieve beds to maintain effective air separation.
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a variety of contaminants. In addition, the contribution of contaminants from the
engine itself; i.e., turbine engine oil, may result in decreased efficiency of the sys-
tem. Thus far, only a very few contaminants have been studied. i

TABLE V. CHALLENGE - METHYLETHYLKETONE (MgK)
Inlet Pressure 28 psig Temperature 0BOGS 28 C

FLOWS MEASURED AT ATP

INLET CONTAMINANT PRODUCT GAS EXHAUST GAS

MEK ppm (mg/min) FLOW 1lpm % 0, MEK ppm FLOW lpm MEK (mg/min)
0 10 92.1 0 268 0
81 (65.5) 10 92.3 0 269 73 (56.9)
79 (64.1) 30 56.8 0 260 77 (58.0)
80 (75.4) 70 37.8 0 255 82 (60.6)

TABLE VI. CHALLENGE - HEXANE °
Inlet Pressure 28 psig Temperature OBOGS 22°C

FLOWS MEASURED AT ATP

INLET CONTAMINANT PRODUCT GAS EXHAUST GAS
HEXANE ppm (mg/min) FLOW 1lpm % O, HEXANE ppm (mg/min) FLOW lpm HEXANE ppm (mg/min)
0 10 91.5 0 268 0

61 (58.7) 10 91.7 <1 268 b4y (45.3)
60 (61.6) 30 Sy 4,5 (0.5) 262 47 (43.3)
56 (60.4) 70 38.2 13 (3.2) 252 (3] (43.6)
188 (176) 10 91.4 2 (0.07) 257 170 (151)
190 (191) 30 52 22 (2.3) 259 165 (149)
186 (210) 70 37.6 1 (10.0) 257 178 (160)

The result of the ingestion of water into the system (Table VII) indicates that the
product gas oxygen concentration and dew point were not changed when up to 600 ml water
were introduced over a 30 min period. Most importantly, the coalescent filter trapped
and eliminated most of the water (62%), through the fixed orifice, before the water
could enter the molecular sieve beds. That water which entered the beds was eliminated
from the beds by the purge, depressurization cycle. This was particularly evident by
the visible water vapor/droplets in the exhaust gas. The ingestion of the 600 ml of
water by the system did not alter bed efficiency or performance indicating that the
water did not migrate down the beds any appreciable distance.

TABLE VII. CHALLENGE - WATER o
Inlet Pressure 28 psig Temperature OBOGS 30°C
FLOWS MEASURED AT ATP

INLET CONTAMINANT PRODUCT GAS COALESCENT FILTER
WATER ml (ml/min) FLOW 1pm % O, DEW POINT (°0) WATER COLLECTED
0 10 82.3 -28 0
0 70 35.6 -28 0
300 (10) 10 92.5% -27 178 ml
300 (10) 70 35.6% -28 190 ml
600 (20) 10 92.6% -27 389 ml

* After water challenge

This study concerning the effects of some contaminants on the Bendix molecular sieve
oxygen generating system can be summarized by the following:

(1) Filtering effectiveness is a complex matter making it difficult to gen-
eralize.

(2) Further work is required to define the filtering effects of molecular
sieve; e.g., water, oil aerosols, and organo phosphates.

(3) This limited study suggests that the molecular sieve is an effective
filter for many contaminants, including water as noted by the lack of impairment of per-
formance (oxygen separation).

o(M) Temgerature of the inlet air to the molecular sieve unit should lie
between 0°C and 70°C.

Additional studies are slated to determine what level of water ingestion of the molec-
ular sieve beds is necessary to affect the product gas/bed performance.
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' The effect of increased temperature of the input air on the molecular sieve product

¢ gas is depicted in Figs. 4, 5, and 6 as a function of minute volume. At 10 lpm volyme,

‘ the oxygen concentration drops oaly ssightly when the temperature is increased (0,5°C/
min) from ambientoto approgimately 70°C. As the temperature of the inlet air is
increased from 70°C tc 120°C, a dramatic decrease in the oxygen concentration is
observed. As the heat is removed, a hysteresis effect is noted which almost certainly

4 is due to the large heat sink represented by the molecular sieve and associated mate-
rials. This same effect also nolds true when the minute volume is increased to 30 lpm

! (Fig. £). However, at a minute volume of 70 lpm (Fiz, 6), the change in the oxygen con-

1 centration is not as great, primarily due to the lower initial concentration of oxygen in
the product gas.

! Figure &
CHALLENGE - HEAT
INLET PRESSURE 28 psic MINUTE VOLUME 10 Lpm
90 ATP
80
10,
70
60
20 40 60 30 100 120
INLET AIR TEMPERATURE °C
Figure 5§
CHAI.LENGE - HEAT
INLET PRESSURE 28 psi6 MINUTE  VOLUME 30 vem
ATP
50
%0,
50

20 40 60 0 100 120

INLET AIR TENPERATURE OC
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RESULTS AND DISCUSSION

Challenging the molecular sieve unit with low molecular weight contaminants; i.e.,
methane and ethane has resulted in these compounds breaking through the beds and appear-
ing in the product gas (Tables II and III). The concentrations of the contaminants
appearing in the product gas are, however, much lower than that in the inlet supply, and
the concentrations are related to the minute volume.

TABLE II. CHALLENGE - METHANE °
Inlet Pressure 28 psig Temperature OBOGS 28°C

FLOWS MEASURED AT ATP

INLET CONTAMINANT PRODUCT GAS EXHAUST GAS
METHANE ppm (mg/min) FLOW 1lpm % O, METHANE ppm (mg/min) FLOW lpm METHANE ppm (mg/min)
0 10 81.6 o] 248 [
131 (21.9) 10 8l.4 0 248 134 (21.86)
141 (24.5) 30 48.5 1 (0.02) 236 167 (25.7)
150 (26.9) 70 33.1 45 (1.3) 205 184 (24.7)

TABLE III. CHALLENGE - ETHANE °
Inlet Pressure 28 psig  Temperature OBOGS 23°C

FLOWS MEASURED AT ATP

INLET CONTAMINANT PRODUCT GAS EXHAUST GAS
ETHANE ppm (mg/min) FLOW 1lpm % O, ETHANE ppm (mg/min) FLOW lpm ETHANE ppm (mg/min)
0 10 91.8 s} 270 0
85 (19.3) 10 91.4 0 269 92 (20.1)
85 (20.1) 30 52.3 0 260 103 (21.9)
85 (22.0) 70 35.9 20 (1.08) 250 105 (22.2)

It is interesting to note, when measuring (ppmv) concentration of the low molecular
weight compounds in the product gas and exhaust gas and comparing this value to the inlet
concentration, that the molecular sieve unit appears to be generating contaminants. This
erroneous conclusion can be quickly allayed by conducting a mass balance considering the
rate of introduction of contaminant into the air supply and the amount of contaminant in
the product and exhaust gases per unit time. A mass balance is noted when product gas
and exhaust gas contaminants are summed and comparec¢ to the amount of contaminant intro-
duced to the system. In addition, this mass balance indicates that the low molecular
weight compounds are weakly adsorbed on the molecular sieve allowing a small portion of
the contaminant to break through the bed to the product gas while the remainder of the
contaminant is purged from the bed and appears in the exhaust gas. As the flow of prod-
uct gas is increased, contaminant concentrations are also increased. This is primarily
due to the decrease 1n the amount of gas available for purging the beds.

Polar molecules such as methanol and methylethylketone do not break through the
molecular sieve beds at these concentrations (Tables IV and V). The data indicates that
the adsorptive forces (Van der Waal's) of these compounds are much stronger than those of
the low molecular weight compounds, but still weak enough so that the process can be
reversed by the reduction of the partial pressure of the contaminants which occurs when
the bed is vented to exhaust and purged. Mass balance shows that a small portion of the
contaminant is retained by the molecular sieve. The contaminant retained on the bed
rapidly fell to zero when the contaminant was removed from the inlet air.

TABLE IV. CHALLENGE - METHANE °
Inlet Pressure 28 psig Temperature OBOGS 22°C

FLOWS MEASURED AT ATP

INLET CONTAMINANT PRODUCT GAS EXHAUST GAS
METHANOL ppm (mg/min) FLOW lpm % 0, METHANOL ppm  FLOW lpm METHANOL ppm (mg/min)
0 10 91.6 0 271 0
138 (50.1) 10 91.6 0 267 135 (u7)
137.7 (51.2) 30 57.5 0 254 146 (46.4)
133 (54,.3) 70 36.2 0 242 154 (48,5)

There are also compounds that are neither weakly nor strongly adsorbed on the molec-
ular sieve. Hexane (e.g., as illustrated in Table VI) breaks through the molecular sieve
beds much like the low molecular weight compounds; however, there is no mass balance
which is similar to the adsorption of more polar compounds.

s £

troga

Additional organic contaminant studies are required to fully define and understand
the molecular sieve system. Since this system utilizes engine bleed air, the source of
the air and its quality become important, particularly when the source of air contains
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' Figure 6
. CHALLENGE -~ HEAT
! INLET ~ PRESSURE 28 psie MINUTE  VOLUME 70 vem
ATP
- 40
|
20, 30
20

20 40 60 80 100 120
IMLET AIR TEMPERATURE OC

CONCLUSION

Results of this evaluation indicate that the molecular sieve system can adequately
filter contaminants or in the case of low molecular weight compounds; i.e., methane and
ethane, reduce the contaminant concentration in the product gas to what can be con-
sidered an acceptable level. The higher molecular weight compounds and polar compounds
are not expected to break through the molecular sieve beds barring some gross contamina-
tion over an extended period of time, although certain compounds may break through;
i.e., hexane.

The temperature of the inlet air is a critical factor influencing the performance
of a molecular sieve. As noted by Miller, et al. (1), the oxygen concentration in the
product gas was greatly decseased asothe inlet temperature and the molecular sieve unit
were lowered from about -20°C to -5u4"C.

Present studies, which considered higher air inlet temperatures to the molecular
sieve system, also noted a degrease in the product gas oxygen concentration as tempera-
tures were increased above 70°C. Therefore, for the system to maintain effective air
separation, the molscular sgeve beds and inlet bleed air must be maintained in the tem-
perature range of 0°C to 707°C.

@
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ABSTRACT

An advanced air analyser is described that is capable of detecting a wide range of pollutants in
ambient air at concentrations of well below 1 part-per-billion. The system employs a combination of
rhotoionization detection with gas chromatography using air as the carrier gas; it is fully field
portable and accepts a directly introduced sample of air without any need for time-consuming pre-
concentration procedures.

Applications for the instrument, the commercial embodiment of which is now being marketed under
the trade name Airscan, include the monitoring of all manner of environments including those within
aircraft and spacecraft as well as external environments which may be contaminated during fuelling
operations or by accidental emissions from specialized ordinance. Hydrazine is of particular current
relevance,

Further applications include the monitoring of human exhaled breath in cases where there has been
an unquantified exposure to toxic compounds. Up to now such exposures have been traditionally
difficult to monitor at low levels; however the extreme sensitivity of the Airscan system has made it
possible to detect breath metabolites in extremely small concentrations.

Also described is a unique field portable data analysis system which has been developed to the
prototype stage as a companion unit for Airscan. The objective for this instrument is to provide each
Airscan user with a library of compounds of special interest. The output from the Airscan chrom-
atograph is fed directly into the analyser which records the chromatographic peaks in terms of their
retention time and area and then proceeds to scan its library for correspondence, When a compound is
identified, the analyser prints out the name on & 20-character wide tape together with its
corresponding concentration in the air. Up to 75 different compounds can be analysed in any given
run in the present configuration,

INTRODUCTION

A requirement exists in aviation technology for an instrument that can be rapidly used to assess
the degree of hazard to aircrew and ground support personnel from exposure to low concentrations of
airborne toxic chemicals that either emanate from liquids and solids necessary to aircraft and their
‘ maintenance or are produced as a consequence of aircraft operation,

A recent review (1) has documented the hazards of toxic gases and vapours in the aviation

environment to both alrcrew and ground support personnel. The main sources of toxic gases and vapours
in flight are products of combustion, either from the exhaust of the engine or overheating and fire:
aviation fuels, lubricants and hydraulic fluids; anti-icing. anti-detonant and coolant fluids: fire
extinguishing agents: refrigerents; ozone and insecticides, herbicides and agricultural chemicals,
All of these are hazards in the ground support environment as well and with the increasing use of
toxic substances such as hydrazene as fuel for high performance aircraft. greater concern must be
expressed for monitoring of trace concentrations of these chemicals on the ground and in the air,
The totally enclosed environments of spacecraft also present new challenges in the maintenance of
environmental quality,

Y -
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Numerous techniques have been developed for the detection of gaseous and vapourous contaminants
in air. TInstrumentation that can be used in the field may involve such different detection techniques
as infra-red absorption. automated colormetric analysis, flame ionization detection {FID) or
photoionization detection (PID) used in conjunction with gas chromatography. In the majority of
cages, these and other techniques can be used only with difficulty in attaining stable performance
below the 0,