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FOREWORD

This program for a study of the effects of the space-
viaft environment on drug act on was carried out during the peried
July, 1969 to November, 1470, and was the subject of our unsoli-
tited proposal of January 31, 1969,

Dr. Elliot Barris, DB5, of the NASA Manned Spacecraft
tunter, scted as technical officer for this agency. Drs. ¥. J.
Mullock, D. W. Yesair, D. Shooter, and J. Howes, Mrs. L. Remington,
R. 4, Bruni, K. Siemen, S. Locke, and Mrs. M, Callshan comprised
the Arthur D. Little, Inc. project team. Professor Louis 8, Harris,
Vutversity of North Carolins Medical School, served as a con-
suliant to Arthur D. Little, Inc. on certain aspects of the work.
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SUMMARY

A study of possible effects of 5 psila oxygen on oxidative
drug metabolism has been carried out In the rat. Several drugs in
thie Apollo medical kit were studied. F.posures to 5 psila oxygen
of opproximately four, eight, twelve, and twenty-eight days were
carricd out, This envircnment had no effect on liver size, amount
of liver microsomal protein, or cytochrome P-450 ard cytochrome
be levels in the rat liver,

In vitro metabolic rates for oxidation of the following
materiale were studied using rat liver mlcrosomes from rats exposed
to 5 psia oxygen: meperidinc (Dcmerof35, propoxyphen (Darvcéga
cycltizine (MarezinJBB. hexobarbital, and aniline, Use of the
firet three substrates provides a measure of microsomal N-demethylase
activity, hexobarbital provides a measure of barbitu ate oxidase
activity, and aniline provides & measure of activity .f an aryl
hydroxylage. From Lineweaver-Burk plots of the rate data, the kinetic
parameters K;, and Vg, were cbtairud for most of these substrates,
No diffarences in oxidative metsbolic rates were found between
oxygen-cxposod groups and control groups of rats.

Some pharmacologlcal studies were carried out using rats
exposed to 3 psia oxygen. An exposure of twenty-aight days did
not effect secobarbital-induced sleeping time: or meperidine
(Uemcrof85 analgesia in the rat. An eight-d.y expoaurs produced
no effect in propoxyphen (Darvoég5 an “zesla in the rat, Some
study of amphetamine was done, but results are inconclusive.
Pharmacelogical studies were carried out one hour after aninmals
were removed from the altitude chamber.

b ?dteﬁ;iacion_pf hexobarbital nn%.g,;“*““~




by diphenoxylate (Lomot£f35 vas demonstrated in the vat, In vitro
barbiturate =uetebolism by liver microsomes was unchonged in diphen-
oxylate (Lomotifﬂﬁ-:reutnd rats. The potentfation doer net appear
to involve inhibition of barblturate metabolism by diphenosylate
(Lomotil%. Diphenoxylate (Lomotilcgﬁ does not potentlate echlorcl
hydrate-induced slaeping times in the rat, Exposure of animals to
5 psia oxygen for six days docs not result in further poreantiation
of seccobarbital activity by diphencxylate (Lomir118) .

A cylindrical PlexiglamfD environrental chamber adequate
for contrclling and monitoring the necessary oxygen-rich atmos-
phere was built. The gas recirculation system {included provision
for removal of carbon dioxide. A relatively inexpensive commercinl
gas chromatograph was modified to provide for autowatic sampling of
chamher entrance and exit zas at thirty-minute intervals. VUamcdified
space sult slceves and glaves wore Interfaced with the charber and
shown te provide a practical means of carrying out certain pharma-
colcgical studics at pressures down to 450 mm., It was not possible
to carry out such studies in a routine way at 260 mm using the un-
modified space auvit sleeves and gloves. Simlilarly, studies of
possible interaction of pain-induced stress aud oxygen stress could
not be carried cut in this chamber.

It appears that a 5 psie 100 percent oxygen epvivonment
is not sufficiently stressful to alter action of the pariicular
drugs studied in che rat or to alter their biotransformation rates,



1. INTRODUCTION

A summary of medical expericnce in Apollo 7 through 11
spaceflights has recently appearvd.l The medical kita carried
on various mannec space flights have Included the following
systemically acting agunts: Demerol, Marezine, Dexedrine, Darvon
Compound, Actifed, Lomotil, Achrumvein, Ampicillin, Seconal,
Benedryl, Tylenol, Scopolamine-Dexedrine, and Asplrin. Drugs
uscd by astronauts during variocus Apollo missions through Apollo
11 include Marezine, Dexedrine, Darvou Compound, Actifed, Lowotil,
Aspirin, Seceonal, Tylenol, and Scopolamine-Dexedrine. The general
approach to the use of drugs by astronauts during space flights
iz been cautjous but In-flight medical problems requiring their

use have occurred,

There has been little systematic study of possible
effects of the spacecraft environment of drug action, T.e cabin
atmosphere in the United States' spacecraft of the Apollo series
is presently a mixture of 64 percent oxygen and 36 percent nitrogen at
launch. The crew i= denitrogenated for three hours prior to
launch and following launch the nitrogen is gradually purged from
the cabin atmosphere. Oxygen analysis during Apollo 7 showed a
gradual enrichment from 0, about 170 mn® to poz about 255 mm
during ten days. PO, reached about 230 mm during the first three
days. Total cab .. pressuve is 5.0 psia. Accordingly, the cabin
atmosphiere during the major part of the flights consists of 90~96
percent oxygen. Possible effects of this high oxygen atmosphere

on drug action were the concern of this project.

a Valuer refer to oxygen partial pressures in mm Hg.
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It was our view in inlilating work wn the quest .

st the spocecralt environment on drmg action that t..

.
[

. druwg retabolism needed consideration, Many of the drup. oo

vnedoan Apcllo medical kits arc newn to he metabolflrzed by

crocesses largely in the microsowal fraction of the liver. Rat
Civer w'tochondria have been reported to become enlaiped ond con-
tadn {rcreased numbers of cristae ip animals exposed to 5 psia
savpen for prolonged periods.2 There are species differences
i this response, but similar ultrastructural abnormalities in
“epatecellular orpouelles are seen in dogs and monkeys.3 No ev.iicn o
ini, been produveed to exelude ultrastructural chanpges in the micro-
«ooal araction of liver and the highly lipidic nature of nlcro-

e mioht make them a veugsonable site for appecrance of eflect:
produced by hyperbaric ooy,on. Effects of liyposbaric ouyen on

libld netabolism are well dncumcnted.4

The intimate involvement of cytochrome P-450 1n oxidat.ve

3 Since changes In levels ol cytochiromos

Jray metabolism s known,
F-ah0 and b, may frequently be correlated with changes in rates of
druy teotubolism,determinations of these cytochromes have heen
imciuded In the overall profiling of the effects of 5 psia oxypzen.
Coivetnent of effects of the environment on drug metabolinm wia
vanrd lhrgely on studies of im vitro metabolism by micronenal
Jreparations, but some studies of drug acticn in vivy were carricd

St with animals exposed to 5 psia oxygen, The particular drujs

st lied were relected from the Apollo 7 medical kit. The resuli,

fal

e vartovs studies and the detils tnvolved In thelr exe-

cutiun are deseribed fn o the (ollowing sestions,

4
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" A, Ocganization of Results

The presentation of results of our in viiro metabolism
experiments will be organlzed as follows. The individual exposed
proups are organized according to length of exposure period in
Table 1. Included are the welght ranges of each group, number of
animals In each group, liver weights, microsomal protein yield,
and cytochromes P-450 and bﬁ levels. Data for each control group

are given for comparison.

Supplementary comments and data pertinent to each drug
study are includaed in the scetion devoted to that drug. A single

summarizing dlscussiun is given at the end of the section.

B. Presentation of Metobalism Rate.

Throughou: this report, rates will be expressed in terms
of millimicromoles of substrate metabolized (or milliwicromoles
of metabolite appearing)/mg microsomal protein/minuce. These unitg
are commonly used by other workers.§ There proved to be no
differences in liver weights between control and oxygen-exposed
groups that could not be attributed to small differences In the
sizes of the animals. The yield of microsomal protein obtained
from each group of livers was similar (see Table 1). Accordingly,
the rate data need not be converted to, for example, units of
ratc/animal/time for comparison of groups., Most experiments have
been dene on at least two different groups of animals for each
time period and all metabolic results are includad in the various
tables to follow, evoa If the rate data did not subseguently give

1 . .
‘veud" Linewveaver-burl. fits,



TABLE 1

DATA CHARACTLRIZING LIVER PREPARATIONS FOR INDIVIDUAL GROUPS EXPOSED TQ 5 psia OXYGEN

Wt. range Liver weight Ratio* Ko.? Hictoscgal Cytochromec Cytochrome Assaved
(g) (g) Animals _ yield P-450 b for

84-Hour Exposures

Gooa 1 156+ 16, 8.2 +0,55 .053 5 25,5 + 1.2 0.224 + 021 0.242 + 010 Meperidine -
Grouy 1(0)4 150 + 16.0 9.8 £ 0,81 .063 4 23,1 £ 0.5 0.218 * .050 0.240 : .00 devethyliase
Croup 2 171.5+ 8.2 8.4 +0.66 049 6 22,7 + 2.6 0,207 & ,032 0.224 * 022 Meperidine N-
Croup 2(C) 147.8 + 36.7 6.8 + 2.4 046 6 22,7 £ 3.2 0,205 * 038 0.243 * 026 derethylase
Group 3 210.5 + 18,2 21.0 £ 1.5 100 3(2) 23.5 £ 0.5 0.165 + .02 0.221 £ 099 Aniline hydroxyv-
Group 3(C) 1%0.8 x 6.5 18.9 + 1.0 099  5(2) 29.06+ 0.68 0.175 + .CL,8 0.210 = .0609 lase

Group 4 219 + 10.6 10.0 * 0.78 .046 3(2) 26.4 * 2,09 0.159 * 012 0.219 2 .094 Aniline hydroxw-
Croup 4(C) 213 +12.9 10.2 - 1.06 .048 3(2) 22.6 * 2,35 0,177 + 012 0.270 + 017 1lase

Group 5 140 * 35,0 8.3 * 0,41 .057 6 20.8 £ 0.€8 0.133 + 030 0,153 £ 010 Propexyphen N-
Group 5(C) 140 * 15,0 6.2 + 0.49 .043 5 21.2 + 0.38 0.148 * 010 0.160 £ .00 demethylasa
Group b 221 +19.8 10.7 z 1.1 .049 2(3) 27.2 + 1.6 0.189 + .0C38 0.205 * .016 Barbiturate’
GCroup 6(C) 203 + 37.7 9 +1.0 049 2(3) 26.8+1.9 0.181 + 517 0.215 <+ 021 oxidase

Group 7 206.5 + 10.1 10.1 + 0.5 .049 2(3) 25.0 £ 2.4 0.256 * .04  0.262 & 014 MHeperidine.ciclizine
Group 7(C} 204.3 %+ 10.9 10.1 * C.7 050 2(3) 0.9 * 5.3 0.257 £ .04 0.28¢ *# 012 N-dercihylzge



TABLE 1 - Contiaued

Uy, range Liver weight Ratio* No.3 Microsomal Cytochreme Cytochrcre Assaved
() (g) Animals yieldb P-450¢ b€ for

188 Hour E£xposures

Croup 8 165 + 21.5 8.0 % 1.5 .049 3¢(2 27.0 = 1.§ 0.164 * 030 0,263 * .046 Meperidine.,ecyclizinz
Group 8(?} 148 * 31.1 7.4 £ 1.5 .050 3(2) 23.1 %+ 2.0 0.174 + 030 0.277 + .030 N-demethylase
Group 9 32 20,8 13.6 + 1.0 ,085 3(2) 24,8+ 1.8 0.152 % 010 0.257 * .010 Meperidinz, Propoxy-
Group S(C} 273 * 12,2 12.7 + 1.4 046 3(2) 22.3 + 2,3 0.169 + .,050 0.255 £ .040 phen N-demethylase
Group 10 296.0 + 12.8 13,7 + 1.7 .046 3(2) 37.9 *11.4 0Q.143 £ 030 0.207 * 040 Mepevidine,cvelizina
Sroun 10(C) 278.0 + 18,5 12.2 + 1.5 044 3(2) 21.2 £+ 0.5 0.176 + 040 0.211 %+ .030 K-demethylase
Greuwp 11 202.3 + 11.9 9.7 + .1 .048 3(2) 26.5 £ 2.2 0.138 + .056 0.197 * .010 Aniline hivdroxy-
Croup 11(C) 188.6 * 6.7 9.14+ 1.2 048 3(2) 26.6 + 2.7 0.161 + .015 0.205 % .034 lase
284 “our Expcsures
Group 12 2062.7 + 22,7  9.02+ 0.9 L0485  3(2) 25.1 % 3.4 0.178 + 070 0.219 * .017 Aniline hydroxy-
Group 12(C) 190.8 + 20,0 7.02x 1.2 037 3{2) 30.6 + 1.5 0.169 * 090 9.224 * .014 1lase
Group 13 258.,7 + 19.7 11.8 x 1.3 046 3(2) 31.3 £ 5.8 0.151 + .,010 0.207 * .022 Cyclizine, propoxy-
Croup 13(C) 259.7 * 12.9 13.02+ 1.2 .050 3{(2) 38.6 = 3.42 0.160 *+ 016 0.215 * .020 phen N-demethylase
308 Hour Exposures
Group 14 172.0 + 8.7 8.1 * .7 047 3(2) 30.4 £1.,6 0,173 * ,017 0.214 * 0601 Meperidine, cy-lizire
Group 14(C) 230.0 * 25.4 12.2 * 0.6 053 3(2) 27.9 # 3.2 0.152 + 008 0.2i5 * .€05 prepoxyphen N -dcmeziviase
Group 15 190.7 + 19.8 10.0 * 2.1 053 4 26,05+ 1.57 0©0.163 + 013 0.216 * .023 EBarbiturate oxiduse
Group 15(C) 15%6.8 ¢+ 8.2 9.9 + 1.2 050 4 28.97+x 0.92 0©0.1i51 = .028 0.226 = .02



TABLE 1 ~ Continued

Wt. range Liver weight Ratio* No.2 Microsomal Cytochrome Cytochrome Assayed
() (g) Anipals vieldd P-450¢ bsC for
560 Hcour Exposures
Croup 16 190 % 18.5 6.5 ¢ .6 034 & 23.5 * 1.01 0.150 = .020 0.320 :* .020 Aniline hydroxy-
Group 16(C) 245 * 16.4 10.5 + 1.3 .043 6 24,5 # 4,10 0.180 = 020 0.270 * .070 1iase
Group 17 2641.7 £ 20.4 10.0 * 1.0 042 6 26,8 + 3.1 0,150 + .00 0.240 + .0i0 Propexvphen,
Group 17(C) 244.3 *+ 15.8 12,7 + 1.3 .G53 6 27.4 * 3.8 0.150 * 010 0.270 = .050 Mepericdine N-demathvi-
ase
960 Hour Exposures
Group 18 190.8 + 19.7 0.1 + 0.9 053 6 24,5 £ 2.8 0.210 * .02 0.290 + 04 Barbiturate
Group 18(C) 196.8 + 8.2 11.3 + 1.3 .057 &6 24,2 £+ 2.3 0,199 £ .01 0.270 + .63 oxidzse

-* Ratio of mean liver weight/mmean body weight.

a Designations such as 3(2) signify three groups with two amirnals per group.

b Units are milligrams/g of liver

¢ Unaits are optical densities — sne page 61 for experimental details

d The bracketed (C) indicates the control group



€. Meperidine (Memeral) N-Dowerhwinne
Tte two major metabolic pathways for meperidine (1)

are N-demethylation and ester hydrolysis as indicated below.

4 ,
—————elfl
\ CH3 H -CH3
cznso—g CZHSO HO
1

Microsomal N-demethylase activity was studied by following the rate
of appearance of formaldehyde. The rate of formaldehyde production
was found to be linear with time out t» about 10 minutes (Figure 1).
Experiments carried out with microscmes from individual rats showed
individual variability in our preparations to be within reasonable
limits (+10%). Accordingly, in later phases of the work we felt
justified in poolir . microsomal preparations. This gave us the
opportuw "'y to study several drupgs with a single group of oxygen-

exposed animals.,

Seven minutes was found to be an appropriate time at
which to aliquot for determination of metabolism rates. The rate
data obtained in this way with meperidine using rats exposed to
> psia oxygen for varying periods up to 28 days are given in Table
2. Rates obtained at several substrate conceantrations were used to

construct Linewrsver-Burk plots., Some plots are given in Figure 2,
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TARLY 2

METABOLIC RATLES OF MUPURILINE 7V VICKED USING LTVER 'TCROROMES
FROM RATS EXPOSID TO 5 psia OXRYCEN AND TO NORMAL ATHOSPHURIC
CONDITIONS

Substrat 8
Level GM) (oMt 0,C00mg protin/uin) (oM BoCG/nn protels/nin)

88 Hour Mxnosures

Control Group 1 Oxygen-exposed Group 1
1 1.29 2 0,77 1.05 + 0,44
2 1.10 + 0,78 1,25 4 0.53
10 2,01 + 0,70 2.48 +» 0.67
20 1.47 1+ 0,53 2.43 & 0,65
Control Group 2 Oxyguen-exposed Croup 2
1 1.57 ¢+ 0.2 0.96 =+ 0.26
2 1.77 + 0,43 1.50 + 0,41
10 1,62 + 0,37 1.35 + C.27
26 2.08 + 0.53 1.49 + 0.30

188 Hour Exposures

Control Group 8 Oxvgen-exposed Group 8
1 1.40 + 0,40 2,40 * 1.53
2 1,73 + Q.65 2,67 + 1.10
10 2,40 + 0,80 2.8 + 0,46
20 2,60 *+ 0,35 2,38 + 0,42
Contrel Group 9 Oxygen-cxposed Group 9
1 1.34 + 0.63 1.39 ¢+ 0.54
2 1.9 ¢+ 1.13 1,77 & Q.44
10 2,50 + 1,04 2.12 + 0,65
20 2,82 1,18 2.45 + 0.83
Control Group 10 Oxypen-exposed Crovp 10
1 2,42 + 0.59 1.82 r 0.13%
2 2,42 + 0,22 1.97 + 0.10
¢ 3.15 + 0.13 2,70+ 0.33
20 3.07 + 0.22 2.70 + 0,25

1l



TARLE 2 (Copt tnul)

308 flone Fxpoures

Control Croup 14 Oxygrn-exproscd Group 14
1 1.49 + 0.314 1.63 * 0.33
2 1.87 ¢+ 0.40 1.94 + 0,54
10 .- 2.9+ 0,39
20 2,39 * 0.63 2.81 :t 0.94

660 Nour Exposures

Control Group 17 Oxygen-exposed Croup 17
1 0.6 + 0.} 0.6 + 0.3
2 0.8 + 0.2 0.8 * 0.5
10 1.3 + 0.3 1.0 * 0.6
20 1.6 =+ 0.3 1.3 £ 0.4

a Substrate concentrations are per 6 ml of incubation mixture,
see Experimentail, page 59 for furcher details.,
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b Froporyphen (buzves) Hobeecthylace
7
A previcus stwly demeanstrated thar Incubatlon of
prepoxyphen with rat Uver stices accomplished N-deaflylation,
Fliis reaction occurs with Mver microuomes and was used to study

the effects of 5 pslu oxygen on propoxyphen metabolism 7n vitro,

0 0
]
7 N\ / {J!(;nzcn3 liver Q /OCCH 2CH
— CH slices c
3 e \

—— /
cH CHCH..N CH CHCH, MHCH, + H,.CO
2 f 2 \ 2 | 2 3 2
CH, cH CH

3 // \\ 3

A prellwinacy study establislied thai the rate of
productinn of formaldehyde by N-demcthylation was linear out to
geven minutes and that the rate was substrate~dependent (Fipure 3).
At 2C ynoles substrate/ml incubatfun mixture, there was clearly
Inhibition by substrate. Rates of in vitre metabolism In various
groups of rats exposed to 5 psiz oxygen are given in Table 3. Some
Lineweaver-Burk picts of the rate data are shown in Figure 4.
Because inhibition was observed at high substrate levels, the data

for 20 umoles of substrate are not plotted.
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AR 3

SMETARSLLIC RATC OF PROVOMYTHEN TN VIFRC L. G LIVER MICROSOMES FROU
RATS EXPOSED T0 5 poia OXYGLN AND TO NORMAL ATHMOSPHIRIC CONDITIONS.

Substrate®
Level (ul) (ouM HaCO/me protcin/min (muM HyCO/mg protein/min)
88 Hour Exporures
Control Group 5 Oxygen-expesned Group 5
1 0.55 + 0,34 0.59 =+ 0.40
2 1,20 * 0,75 1,10 + 0,42
10 1.53 ¢ 0.65 1.81 + 0.66
168 Hour Fxposures
Control Group 9 Oxygen-exposed Group 9
1 1.70 * 0.57 1.40 + 0,39
2 2,06 £ 0.40 1,69 1 0,50
10 2,36 + 0,90 1.73 + 0.41
2 1.82 = 0,69 1.34 + 0,32
284 Hour Expogsures
Control Group 13 Oxvcen-exposed Group 13
1 1.24 t 0,22 1.42 + 0.53
2 1.75 *+ 0.13 2.11 t+ 0.32
10 2.02 * 0,24 1.82 & 0.22
0 1.52 + 0.06 1.32 + 0,47
308 Hour Exposures
Control Group 14 Oxygen-exposed Group 14
1 1.60 + 0,37 1.53 + 0.25
2 2,31 + 0,13 1.79 =+ 0,24
10 2,48 £ 0,70 2,59 + 0,78
20 2.5 * 0.38 2.02 + 0,24
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TABLY 3 - Continucd

660 Hour

Exposures

Control Group 17

1 0.6
2 0.8
10 .1
20 0.8

+ H

oo o
W

*
»
»

Oxyoen—-exposed Group 17

OO0
O L OO

»
[ ]
L]
L3

3 S S E o

a Substrate concentrations are per ml of incubation mixture,
see Experimental, page 59, for detalls,
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E. _ Cyclizine (Marc ae) N-Dawethylase

Cyclizine has been demonstrated to be metabolized by
N-demethylation in the rat and dog.8 In our work with this drug
using rat liver microsomes. we found that the rate of production
of formaldehyde did not show a substrate dependence “ir initial
rates., The rate of production of formaldehyde at several substrate
concantrations is shown as Figure 5 for two age ranges of rats.

It was not possible to make a Lineweaver-Burk plot of the data,
Comparisons of groups were made by a polnt by point comparison
of rates at several substrate concentratlions. The rates in Table
4 were determined by sampling each incubation mixture at seven

ninutes as has been described for other drugs.

F. Barbiturate Oxidase

Secobarbital is the barbiturate being carried and used
on manned spaceflights. This barbiturate was found not to be
metabolized in vitro by rat liver microsomes at a rate sufficilent
to permic reliable kinetie studies. To permit a studv of ihe
effect of 5 psia oxygen on hepatic barbiturate oxidase to be carried
vut we used hexobarbital as substrate., Hexcbarbital was known to

9

be rapidly metabolized by rat liver microsomes n vifro.
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TABLE 4

METABOLIC RATES OF CYCLIZINE I VITRO USING LIVER MICROSOMES FROM
RATS EXPOSED TO 5 | :la OXYCEN AND TO NORMAL ATMUSPHERIC CONDITIONS

Substratea
Level (M) {(muM H-CO/mg protein/min) (myM H,oCO/mg protein/min)
88 Hour 'xposures
Control Group 7 Oxygen—exposed Group 7
0.1 0.434 £ 0,16 0.566 *+ 0,06
0.2 0.769 + 0,17 0.707 + 0,05
0.5 1.05 =+ 0.36 1.05 + 0,15
1.0 1.88 x 0,92 1.79 + 0.66
184 Hour Exposures
Control Group 8 Oxygen~exposed Group 8
0.1 1.20 #* 0,35 1.80 ¢ 0.92
0.2 0.80 + 0.28 0.07 = 0.11
0.5 1.06 £ 0.58 0.87 + 0.12
1.0 1.60 * 0,57 1,00 + 0.2
188 Hour Exposures
Control Group 10 Oxvygen—-exposed Group 10
0.1 1.90 £ 0,12 0.51 +0.13
0.2 1.98 2 0.0 0.66 t 0.01
0.5 1.91 % 0.67% 0.76 1 0.50
1.0 1.04 * 0,43 1.25 + 0,45
284 Hour Exposures
Contrel Group 12 QOuygen-expose. roup 13
0.1 0.88 + 0,25 0.73 * 0.13
0.2 1.16 * 0,49 9.91 + 0,28
0.5 1.49 + 0,48 1.46 % 0,74
1.0 1.23 * 0.06 1.15 + 0,17
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TABLE 4 - Continued

308 lour Expunaves

Control Group 14 Oxypen~exposed Croup 14
0.1 0.54 + 0.07 0.50 1+ 0.04
0,2 0.67 + 0.24 0.8 + 0.17
0.5 1.33 + 0..% 1.34 £ 0.45
1.0 2.09 + 0.82 2,08 * 0,24

a Substrate concentrations are per 6 ml of incubation mixture,
see Experimental, page 539, for details.
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The rate of hexobarbltal netabolism was lincar with
ti;me out to ten minutes and showed good substrate Gﬁéﬁdunce. The
mnrtubolie rates for a number of oxygenwexposaﬂlgzgips are given
In Table 5, To obtain these rates cach incubation misture was
sampled at seven minutes., Some of the rate data are plotted

in Lineweaver~Burk form in Figure 6.
It should be noted that the final group studicd was

exposed to 5 osia oxygen for 40 days rather than for the usual
28 days s-udied with other drugs.

G. Aniline Hydroxylase

A study of the effect of 5 psia oxygen on aniline hydroxy-
lase was introduced inte this program of work when we were unable
to demonstrate in viiro metabolism of amphetamine. The details
vf our efforts with amphetsmine are described in the Experimental
section, page 58,

Aniiine hydroxylase activity was assayed according to
the method of Kate and Gillette.lo Incubation mixtures were
sampled at seven minutes during which time the rate of production
of p-aminophenol with time was linear (Figure 7).

Rates of production of p-aminophenol observed with
groupe of rats exposed to 5 psia cxyger for periods up to 28 days
are given in Table 6. Lineweaver-Burk plots of the rate data are
given in Figure 8.

NH,

Aniline
bydroxylase

(PAP)
OH
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TABLE 3

METABOL1C RATES OF VRXOBARBITAL .V VIIAQ USING LIVER MICROSOMES FROM
RATS EXPOSED TO 5 puia OXYGLKN AND TO NORMAL ATMOSPHTRIC CONDITIONS

SubutrnteB muM Hexotarl, metasbolirzed/ uuM Hexobarb, metubnlized/
Level (1) e Big proveln/miv mg_protelu/mln

88 Hour Exposures

Control Group 6 Oxypun Exposed Group 6
0.2 0.58 * 0,17 0.71 + 0.06
0.3 0.86 * 0.03 1.03 £ 0.05
0.5 1.32 + 0,19 1.37 0.2
1,0 1,78 * 0.36 1,67 =* 0,04
308 Hour Exposurcs
Control Croup 13 Oxygen Exposed Croup 15
0.2 0.40 * 0,03 0.36 * 0,16
0.3 0.54 £ 0,09 0.71 * 0.13
0.5 ¢.98 *0.39 0.92 + 0,43
1.0 1.44 * 0,23 l.46 2 0.61
%60 Hour Exvnsures
Control Group 18 Oxygen Exposed Group 18
0.2 0.67 * 0.03 0.69 + 0,12
0.3 1.19 = 0.13 1,10 % 0.6
0.5 1,70 % 0,10 1.80 * 0,20
1,0 2,10 * 0.09 2,20 % 0.22

®Substrate concentrations are per ml of incubation mixture,
see Experimental, page 37 for details,
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TARLE 6

METABOLIC RATES OF YU MOXYLATION IN VIZRO USING LIVER MICRUSOMES
FROM RATS EXPOSE. . +'GEN AND TO NORMAL ATMO3PHERIC CONDITIONS
Substrate ° s orinles MuMoles
Level (1) metabolized/mg/min mctabolized /mp/min

88 Hour Exposures

Control Guroup 3 Oxygen-Exposed Group 3
1,0 0.171 + 0,026 0,207 + 0.008
1.6 0.213 + 0,035 0.236 + 0.020
2.6 0.242 + 0,027 0.248 + 0.01R
5-3 00306 R 0.206 00321 + 0.0. 2
Control Group & Oxygen-Exposed Group &
2.0 0.226 = 0,061 0,196 + 0.045
3.0 0.256 + 0.0%4 0.226 = 0,045
5.0 0.216 + 0,017 0,197 + 0,001
10.0 0.236 * 0,042 0,206 + 0.029
188 Hour Exposures
Control Group 11l Oxygen-Lixpsosed Group 11
1,07 0.143 * 0,031 0.115 + 0,013
1.6 0.165 * 0,020 0.127 *+ 0,033
2,6 0,227 + 0.065 0.239 + 0.024
5.3 0.301 + 0.047 0.248 + 0,017
284 Hour Exposures
‘Qggtrol Group 12 Oxygen~Exposed Group 12
1.07 0.178 % 0.065 0.186 *+ 0.042
1,62 0.277 » 0.087 0.232 + 0,001
2.62 0,327 + 0,091 0.288 + 0.026
5.3 0.468 + 0,034 0,389 ¢+ 0.061
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TABLYE 6 = Continued

660 NHour Exposurcs

Control Group 16 Oxvgen-exposcd Group 16

1.07 0.043 ¢ .022 0.048 ¢ ,026
1.6 N.065 + ,019 N.063 £ ,027
2.6 0.07%9 = .012 0.075 ¢+ .015
5.3 0.135 ¢+ ,011 0,123 £ .017

a Substrate concentrations are per ml of incubation mixture,
see FExperimental, page 58, for details,
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H. Summary and Discussien of In Vitro Mctabolism Studics

1, Observactions of pross effects on liver, During

the course of this work, there were no systematic diiferences

in growth rates of oxygen-cxposed and noan-exposed groups of rats,
This is in agreement with the results of a previous study11 where,
by use of individual capsules, rats were kept continuously exposed
tc 5 psla oxygen for periods of several months. Using the ratio

of liver weight/body weight as a means of comparison, no systematic
differences in liver size between groups appeared with animals ;
exposed to 5 psia oxygen for up to 308 hours. In twelve aninols
cxposed to 5 psia oxvpen for 660 hours, livers appceared slightly
smaller, but 1in six animals exposed for 960 hours, there were
essentially no differences between groups. There were no systematic
differences in the amounvs of wlcrosomal protein obtained from liver
after any lengrh of oxygen exposure studied, Cytochrome P=-450 and
b5 levels were not significantly different Iin oxygen-exposed control
groups of rats. Previous studies have ghown that microsomal protein
yields and lev:ls of cytochromes P=450 and b5 in rats exposed to
enzyme inducers arve significartly increased over those of ¢ -ntrol

rata.12

In sur—ary, we encountered no evidence that exposures

to 5 psla oxygen resulted In gross changes in the liv.rs of rats.

2. In vitro metabolism rates. In vitro metabolism

studies were carried out with meperidine, propoxyphen, cyeclizine,
aniline, and hexobarbital using microsomal preparations from rats

exposed to 5 psia oxygen for approxinmately 4, 9, 12, and 28 days.

K-Demethylase activity in vifro with three different

substrates, meperidine, propoxylase, and cyclizine, and at least



tuur different substrate levels was unchanged after cxposure of
rats to 5 psla oxygen for periods of up to 660 hours. Simllarly,
Liexobarbital oxlduse and anlline hydroxylase activity was un-
chunged by exposures to 5 psla oxygen. Kinetic parameters derived

frum the various Lineweaver-Burk plots are given in Table 7.

Examination of the rate data in the p- :wicus sections
reveals that there 1s considerable day to day variation in the
experiments., These variations are also evident on comparison of
the various Lineweaver-Burk plots obtained for the same drug.

As has recently been pointed ocut by Fouts in a detailed experi-
mental paper,13 these bateh variations of absolute specific actlviey
are real. Day to day variations can depend on the time of sacri-
fire, age of the animals, and methed of homogenizing the liver
tissue; The rate >t shaking during the incubation was also shown

to have an effect on absolute 1r.=.tte'.-=.1"l It 1s clear that because

of Lhese day to day and experimental vardiations in abzolute

specific activities, conclusions regarding effects of particular
treatments must be drawn from cempacsisons of treated and control

groups n experiments caerried out on the same day,

Comparisons of standar. errors in our im vitro experi-
ments with thoge of other laboratories was possible only for
hexobarbital oxidase and aniline hydroxylace activities. The
rates for hexobarbital metabolism in Table 5 are on the average
16 percent. Those for aniline hydroxylase uf Table 6 are *17
percent on the average. This includos data from every experinment
carrled out during the course of the work. Fout313 gives the
value *10 percent in his studles with hexobarbital oxidase and

anilire hydroxylase.
We conclude that within the limits ol detectability

impesed by the experiment, exposurce to 5 psila ox’gen for up to

<3 Jays has no effect on metabellism tates of the drugs studied

k)



heve in the rat, The cerror limits of chese experimente 1s smull
enough to detect effects likely to be of potential clinical
slgnificance. We feel, based on our results, that if exposure

to the spacecraft enviromment changes drug action, it will be by

a mechanism not 1nvolving a change in metabolic rates. It appears
that while stress may have &n effect on metabolice rates of drugs,
prolonged exposure to oxygen at 260 sm is not sufficiently stress-

ful to produce an effect,

TABLE 7

KINETIC PARAMETERS FOR IN VITRO MITABOLISM OF MEPERIDINE,
PROPOXYPHEN, ANILINE, AND HEXOBARBITAL BY RAT LIVER MICROSUMLS

Km __ Vmax
Meperidine 0.15 - 0,22 uM 1.39 - 2.78 nanomeles/mg/min
Propoxyphen 0.14 - 0,30 mM 1.40 - 2,78 % "
Hexobarbital 0.15 ~ 0.20 mM 2.85 - 5,00 " "
Aniline 0.27 - 0,92 uM 2,50 ~ 6.65 " "
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IV, _ PUARMACOLOGICAL, STULILS

Stuwdies of pharmacological activity of drugs on animals
exposed to 5 psia oxygen while the animals werc at altitude
proved to be an extremely difficult task with our chamber facility.
A detailed description of the results of our efforts 1s te be
found on pages 63-64. Suffice 1t to say here that immobiliza-
tion of the arm assemblies and gloves when they were used at 260
mm chamber pressure was severe and 1t was not possible to carry
out useful work in a routine way. In view ~f this, the following

procedures were adopted for the pharmacological work.

Exposures of animals were carried out as previously
described for the in vitro metabolism studles - that is, the
~hamber was opened every third or fourth day for about one hour
for cleaning and servici.g of cages. Pharmacological studies
were carried out one hour after animals were removed from the
chamber, This holding perlod was used in an ottempt to in-_.ce
that no effects attributable to excitement of the animals during
repressurization would be introduced, This compromise hias some
undesirable features, but it seemed certain that effects not
reversible within one hour would be detected.

§

The results of these studies are detziled in the
following sections. As previously, results with cach drug or
drug combination are given separately with the final section

containing a single summerizing discussion.

A. Studies of Potentiation of Barbiturate Activity by

Diphenoxylate (Lomotil).

This combanation of drugs has been used by United

Stares astrenauts on prolonged space flights. The manufactures :
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literature on dipheneyylate noted that this drug should be used
with caution, 1f ac all. in Indlviduals simultaneously receiving
addicting drugs or barbiturates Lecause of pstentiating cffectﬁ.lh
No data on interactions betwecen barbiturates and diphenoxylate
appeared in rthe opeu literature. The maucfacturer informed us
that no pharmacelogical work on this combination had been done.
Although no adverse drug reactions have been revorted with this

cnnbination,ls

it was of interest in the context of our program
of research tn determine if possible potentiating effects were

exaggerated by prolonged exposure to 5 psia oxygen.

We initiated our study using rats dosed in air, Pre-
liminary dose-ranging with secocbarbital, using male Sprague-
Dawley rats, established that a dose of 20 mg/kg (1.p.) and 30
mg/kg (p.o.) produced a convenient length sleeping time for control
animals. With hexobarbital, a convenient length sleeping time
was produced with 80 mg/kg (i.p.). Sleeping times were recorded
a8 the intexval between loss and return of the righting reflex.
The criteria for the loss and return of the reflex were the
inabilit and ability, respectively, of the animal to right him~

self within 30 seconds when placed on his back.16

The selection of the initial dose of diphenoxylatc was

1.17 The influence of an

based on the results of Janssen et a4
orul dose of diphenoxylate (R 1132) on fecal excreticn by Wistar
rats was studied by Janssen by quantitation of the number of
fecal pellets passed over a period of 24 hours. At 10 mg/kg
significant ef{. ts were produced which persisted for at least

48 hours after . single oral dose. At 1 mg/kg a smaller, but
measurable, effect was seen oa the first day following dosage,
but rune on the second day. Diohenoxylate was devoid of signifi-
cant analgesic activity In mice and rats following subcutaneous

doses of vp te 8O mg/kg of body welight.
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To avold thue toaie : and tdme-consuming task of douc
ranging with dipheno:y 2 ¢ we elected to use the Initial oral
dose ¢f 10 mg/kg frund ={ . ctive in rats by Janssen. Barbiturate
was given both orally and intraperitoneally, Potentlation was
clearly observable with both sccobarbital and hexobarbital and
the sleeping timeu observed In a number uf experiments are given
in Table 8,

The structural similarity of diphenoxylate (1) to
SKF=-523A (2), a known potent inhibitor of hepatic drug metabolism,
prompted the speculation that the potentiation of barbiturate
action involved an inhibition of drug metabolfam, Studics of
barbiturate levels in rat plasma and in vitro studics with micro-

somal enzyme: were carrled out to explore this pessibility,

|
N
CH,CH
2773
(/ \ (fcuzcﬂzN\ Q_ A-OCH CH N/
\VZ" CN 0,C,H ( \‘CH CH

27275 273

3

fra

Tne ptudy of the effect of diphenoxylate on plasma barbiturate
levels of the rat was carried ocut as followa: rats were dosed
antraperitoneally with secobarbital and sacrificed in groups of

two at each of the twelve time perioeds - 1, 2, 5, 10, 20, 30, 40,
60, 90, 120, 180, and 240 minutes - after dosing. The next day,

a second group of twenty-four rats dosed seventeen hours previously
with diphenoxylate (10 mg/kg, p.o.) w2s carried through the same
experiment, The cltrated plasmas from each animal were analyzed

separately for barbiturate. Recoveries of known amounts of
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TABLE 8

EFFECT OF DIPHENOXYLATE ON BARBITURATE-INDUCED SLEEPING TIMES IN RATS DOSED IN AIR

Route & Dose
Diphenoxylate

Groua No.
Animals

12 10
2° 10
3¢ 10

¢ 10
54 19
6° 6

8
8

a) 100-112 3 rats;

10 =g/kg p.o.
in physiolog-
ical saline,
22 Tween

10 mg/kg p.o0.
in 1% CrS

10 mg/kg p.o.
in 11 CMC

Barbiturate

Seco-
barbital

L4

Hexo—
barbital

”

b) 100~-160 g rats, groups

dosing; <) groups 3 and 4 were not fasted aud givon access to food and water throughout the

d) 100-125 g _--ta-

_.e) 100-120 g rats.

Time tetween Diptenoxylate~
Dose and biphenoxylate Control dased
Route of & Barbiturate Sleep Times Sleep Times
Administration Dosage {Min) (iin)
30 mg/kg 16 hr 65 2 4.0 107 + 12.0
p.o.
20 mg/lkg " 41 * 3.0 188 _ 36.0
p-o.
35 mg/kz " 41 + 4.5 S0+ 4.0
P.2.
" " 50 + 7.0 75 + 8.0
80 mg/kg 18 hr 43 + 10.4 66 + 14,9
i.p.
" 15 min 47 87
" 6 hr 43 77
" 20 kr - 64 » 26.0
1 ani 2 fasted 8 hours but given water ad 1i5. before
experiment;



barblturate from the plasma of rats dosed with diphenoxvlate
indicated that nelther this drug nor any of its unknown metabolites
interfered with the barbiturate determination of Brodie ot aZ.lS
The experiment was done twice and the plasma levels of barbiturate
found for each group at the various time perinds studied in given
In Table 9. The general trend of a glower declline of barbiturate
concentrations in plasma of the diphenoxyvlate-trcated rats seems
real but the standard error of soxe of the points is high., This
seems likely due to considerable individual variability among rats.
Analysis of the urines collected from cach group of two animale

up until the terminaticn of the experiment (4 hours after dosing)
showed no impressive difference in the amount of barbiturate
eliminated - about 1 percent of the total dose was excreted un-
changed in urdne 1in the coutrol group during this periold as
compared with about 1.4 percent of the dose in the diphenoxylate-
trecated group. From these data, the incrensed sleeplug time of
diphenoxylate-treated rats scems related to a slower removal of

drug from plasma,

Attempts to demonatrate inhibitirn of metabolism in
vitro were carried out with rat liver microsomal preparations.
We used hexobarbital rather chan gecobarbital in the study
becauze use of this drug gave much better rates of metabolism,
a8 we discussed on pagc 19. The schedule of dosing and sacrifice
of the anirmels was done such that it closely resembled the pro~
tocol for studies in vivo. Groups of rats were dosed with diphen-
oxylate (10 mg/k3, p.o., in 1 percent carboxymethylcullulose)
and fasted for 15 hours before being sacrificed., The control
group was Josged with 1 percent carboxymethylcellulose and
similarly fasted before sacrifice. A homogeuate was prepared
vith Jivers from 6 to 8 eniwals in each group and micrusomes
prepared In the usual way. Hexecbarbital at lc.els of 1.0 umole,

0.5 umole, 0.3 umole, and 0.2 wmole/6 ml of incubation_mixture



TABLE 3

SECOBARBITAL BLOOD LEVELS IN CONTRQOL AKND DIPHENOXYLATE-LNSED RATS*

Time after Number of Animals Secobarbital in plasma (vg/ml * S. E.)
dosage Diphenoxylate- Diphenoxylat - Change in the
{Mins) Control dosed Contrel dosed Yean ()

4 2 10.6 = 9.1 11.0 =+ 5.2

4 2 12.4 = 2.5 16.0 = 1.2

4 2 24,5 £ 5.0 1.8 + 0.6
10 4 2 22,2 £ 1.0 20.8 + 3.7
20 4 2 17.2 £ 0.2 14.1 + 5,0
30 4 13.8 = 1.2 19.1 + 1.1 + 38
40 4 17.3 £ 4.2 22.8 = 9.4 + 32
60 4 4 19.1 + 6.8 17.7 * 4.8 - 7.4
90 4 4 11.6 * 3.4 14.5 + 7.1 + 25
120 4 4 I S Y i1.5 = 5.2 + &2
180 4 4 7.2 £ 3.3 14,6 + 9.8 + 100
240 4 2 5.5+ 2.1 $.0 * 5.9 + 83

. .
Rats were male, Sprague-Dawley, mean weight 125 g. All animals were dosed with 20 ng/kg, i.p. with seco-
barbital after 17 hours fasting but with water given ad IZ5. The diphenoxylate-treated groups were given
drug (10 mg/kg p.c.) in 1% carboxymethylcellulose, then fasted 17 hours before being dosed with seco-ar-
bital, i.p. Rats were anesthetized with ether, then blocd collected by puncture of the vena cava ani
citrated. The sleeping time (mean * S..D.) for the control group was 36 : 6.3 ninutes and for ihe
diphenoxylate-treated group, 60 * 9.3 minutes,



was run, with cach microsomal lncubate bedng sampled at 3 7, 10
and 15 minutes for each drug level. The total mlesosomal protedn
was 2U mg/ﬁ.ml in each incubation mixture. Metabollc rates were
determined at cach substrute level from that portion of the rate
data which was linear (about 7 minutes), The rstes for each
group are shown in Table 10, The rates of hexobarbital metahol-
ism in control snd diphenoxylate-dosed rats were not distinguish-
able at )0 mg/kg of diphersxylate. A Lineveaver-Burk plot of the
mean rates of Table 9 j& | iven as Figure 9. The kinetic conatants
derived from this pl.r, Km = 0.153 n, . Vo ™ 2.5 nanomoles/mg
protein/minute, are in zcceptable agreemesc -ith those tabulated
on page 32, ‘

In summary, we have been unable tc associate the poten-
tiation of barbiturate sleeping times by diphenoxylate in the rat
with fle¢ inhibition of barbiturate metabolism.

TABLE 10

IN VITRO RATES OF HIOBARBITAL METABOLISM IN CANTROL AND DIPHEN-
CXYLATE~TREATED RATS

Substrate Level‘

Rats 0.2 unoles 0.3 umecles 0.5 umoles 1.0 - les
Control 0.45 * 0.16 0.38 0.92 £ 0,53 1.25 # 0.23
Diphenoxylate- ;

treated group 0.60 £+ .05 0.64 0.89 + 0.53 '1.28 + 0.17

& . Substrata concentratlions are umoles .. drug/6 ml incubate.
Rates are given es mymoles hexobarbital metabolized/mg and
protein/min 3S.D. Rats were <u:sd i0 mg/kg (p.o.) with diphenoxy-
late as described in the text, idach microsonal pr-oparation was
prepared by pooling liver homogenaces fr a 6-8 rats, Male Sprague-
Dawley rats welwiied 140-150 g.
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l, Study of effect of exposure to 5 psia oxygon on

potentiation of barbiturate a~tivity by diphenoxylate. For this

study a group of five rats was exposed to 5 psla oxygen as desg-
cribed previcusly. On the third day, the chamber was opened for
a short periocd for servicing. On the evening of the fifth day,
the chamber was agaln opened, the rats were given diphenoxylata
(10 ng/kg, p.o.), then the chamber again Lrought to altitude.
Non-oxygen exposed c¢ontrols were dosed with diphenoxylate at
the same time. On the sixth day (20 hours after diphenoxylate
dosing) the rats were removed from the chamber and after one
hour dosed (80 mg/kg, p.o.) with hexobarbital., Barbiturate-
induced sleeping times observed in the oxygen—exposed group and
the control groups are summavized in Table 11, There was no

differeuce between oxygen-exposed and control groups.

TABLE 17 _
POTENTIATION OF HEACBARRITAL-INDUCED SLEEPING TIMES BY DIPHENOXY-

LATE IN AIR AND AFTER 6 DAYS EXPOSURE TO 5 psia OXYGEN,

Conutrol+ Oxygen-exposed *
109 ' 37
43 39
98 8l
54 86
48 90

Mean = 64.4 + 26,3 Mean = 62,2 + 25,1

+ Sleepinz times are in minutes. Rsts were male, Sprague-
Dawley. Both groups were given diphenoxyiar-, 10 mg/kg, p.o.,
20 hours prior to hexobarbital treatment (80 mg/kg, p.o.).
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B, Study of Possible Potentiation of Chloral Hydrate-Induced

Sleeping Times by Diphenoxylate in the Rut,

During the course of our work, 1t came to our attention
that NASA was contemplating use of chloral hydrate rather than
hexobarbital on future space flights. Posslble interaction betwesen
this drug and diphenoxylate was excluded by the following brief
study. A group of six rats was dosed with diphenoxylate {10 mg/kg,
p.0.) as had been done in the barbiturate study. Ctloral hydrate
(200 mg/kg, L.p.) was given 20 hours after desing with diphenoxy-
late and sleeping time quantiteted from times for loss and gain
of the righting reflex., The slecping times for the two groups
are given as Table 12, The groups were indistinguishable,

TABLE 12

CHLORAL HYDRATE-~INDUCED SLEEPING TIMES IN CONTROL AND DIPHENOXY-
LATE-DOSED RATS.

Control* After diphenoxylate"

(10 mg/kg, p.0.}
29 40
32 27
23 29
19 23
38 1
25 22

Mean = 20 6.8 Mean = 28.7 + 6.5

+ Sleeping tlmes are in minutes. Rats were male, Sprague-
Dawley, dosed 230 mg/kp, i.p., with chloral hydrate.
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C. Effect of 5 pula Ouypen on Hexebarbital-Induced

Slecping Times in the Rat,

. For this study, rateg werelexposed to 5 psia oxygen

in the usual way, then removed from the chambexr for study. Hexo~
barbital sleeping time916 were studied after rats had been ex-
posed to 5 psia oxygcen for 140 hours (approximately 6 days) and
for 700 hours (approximately 30 days). The dose of hexobarbital
was B0 mg/kg, 1.p., given 1 hour after animals were removed from
the chamber. The sleeping times observed for esach group and the
control groups are summarized in Table 13,

There was no significant difference between control

and oxygen-exposed groups,
TABLF 13

HEXOBARBITAL-INDUCED SLEEPING TIMES IN CONTROL RATS AND RAT
EXPOSED TO 5 psia OXYGEN FOR 140 AND 700 LOURS.

140-Hour Expos.re 700-Hou:r Exposure
Control+ Oxvgen-exposed+ Control+ Oxysen-exposed
38.5 61.5 22.0 22,0
29.0 23.0 22.0 25,0
29.5 41.5 34,5 26.5
76.5 27.0 35.0 3.0
22.5 64.0 36,0 46,5
29,0 21,5 43,0 56.5
26,5 39.5
44,5 32.0
Mean = Mean = Mean = Mean =
37.1 ¢ 6.2 39.9 £ 4.5 3z.1 £ 3.4 35.3 £ 5.3

+ Sleeping times are in minutes. Rote were male, Sprague-
Dawley, dosed 80 mg/kg, 1.p., with hexobarbital.




D, Eftect f % o A Oxyren_on Propaxyihen (Darvon)

Analgesia v the Rat,

In view of the fact that it was not possible for us to
study the analgesics without removing the animals trom the
chamber, we used the Eddy hot plate technique.l8 for these étudies.
The hot plate was maintained at 58°. Analgesic actlvity was
measured over a period of two hours using a twenty-second cut-
off time (defined as 100 percent response)., The groups were
compared in terms of “percent analuesia' sbserved over the total
two-hour test period. Percent analgesia is determined from the
aren under a curve found by plotting the response times found

at various time perlods in the way i1llustrated in Figure 10,

The mean respcage times found with propoxyphen in rats
exposed to 5 psla oxygen for 188 hours are given in Table 14,
There were six aninzls per group and propoxyphen was given S0

mg/kg, 1.p., one hour after animals were remc: 41 from the chamber,

The intensity and time course of propoxyphen activity

in the control and oxygen-exposed groups were very similar.

E, Effect of Exposure to 5 psia on Meperidine-Induced

Analgesia in the Rat.

The study of the effect of exposure to 5 psia oxygen

on meperidine~induced analgecia was carried out with groups of
rats oxposed for 88 hours and 700 hours. Exposures were carried
out as previously described. Analgesia was studied using the
Eddy hot plate technique with animals which had Leen removed from
the chamber. Analgesic activity was measured over a two-hour

" period using, as abbve, a twenty-second cut-off time. DMeperidine
was glven 25-30 mg/kg, 1.p. Cut-off times cbserved at various
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TABLE. 14

i

PROPOXYIHEN-INDUCED ANALCESIA IN CONTROL RATS AND RATS EXPOSED
TC 5 psia OXYGEN FCR 188 HOURS.

Mean Reaction Time'

Time after Inject!gpf Control* Oxygen-exposed*
0 4.5 4.6
20 17.4 15.6
40 19.1 18.7
60 19.3 18,8
80 16.8 17.4
100 14.0 14.3
"120 10,2 9.7
Ferceni analgesia 79.1 72.8
+ Time in minutes

++ Time in seconds

*

There were six animale per group. Rats were male, Sprague-
Dawley.
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time periods after dosage are given for control and oxygen-cxposed
groups in Table 15. Values for percent aaalgesia were calculated

as described for propouyphen on page 45,

Again, the intensity and time course of meperidine-
induced analgesia in control and oxygen-exposcd groups does not
appear different,

F. Ef’ ct of Exposure to 5 psia Oxygen on Anm~hetamine
Activity in the Rat,

*

For this study, increcase in spontancous activity was
used as a measure of amphetamine activity, Spontaneouvs activity
was measured in a circulcr activity cage with six bearms of light
going to slx photocells spaced evenly around the cage., Each time
the rat broke one of the beams, a single count was recorded. One
cage contained two control animals which were treated with vehicle,
while the other two cages held animals given 5 mg/kg, 1.p., of
d-amphetanine sulfate. For the oxygen-exposed group, oxygen-
exposed animals untreated with amphetamine, were used as controls,
This was done in an attempt to minimize artifacts which might

result from the repressurization.

Only a mingle dose of amphetamine has bzen studied to
date. Readings were made at 10, 25, 40, 55, 70, and 90 minutes,
The wean number or counts observed per time period are given
for exposed and non-exposed groups in Table 16. The means of
activity of the‘amphetamine—treated animals zre from two groups
of two @.uncls. Because of the small nurber of animals studied,

no standard errors heve been calculated,

Data from such studies as this are usually examined by

47 -



TABLE 15

MEPERLIDINE-TNDUCED ANALGESIA IN CONTROL RATS AND RATS EXPOSED

TO 5 psla OXYGEN FOR 188 HOURS AND 700 HOURS

188 Hour Exposurcs

Mesan Reaction Time®

Time after Injection

(min) Controls Cxygen-Exposed

] 406 4-6

20 8.4 1.7

40 11.8 9.2

60 7.4 9.6

90 6.0 6.1

120 5.3 5.6
Percent Analgesia 18.3% 21.6%

700 Hour Exposuraan

Time after Injection

o (min) Controls Oxygen-Exposed
0 5.9 6.1
20 20,0 17.5
40 19,0 15.2
60 12,2 13.7
80 9.9 11.1
100 8.6 9.5
120 6.8 8.7
Percent Analgesia 52.7% 48.3X

Rats dosed 25 mgfkg {.p.
Wik
Rats dosed 30 mg/kg 1.p.
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A PHETAMINE-INDUCED INCREAST™ IN SPONT/NEOUS ACTIVITY IN CONTROL
RATS AND RATS EXPOSED T0 5 _sla OXYCEN FOR 188 HOURS,

Non-Vxposed Oxypen-Exposed
5 ma/kg 5 mg/kg

Treatment = Control  Amp' i tznine Control  Amphevamine
No. of
animals - 2 4 2 4
Time period Yo, of Counts

(min)

0-10 1054 706 30 635

10-25 521 1133 an2 1220

25 49 476 1173 48 1040

4055 221 888 24 1i61

55-70 67 1272 27 1090

70-90 7 866 7 1779
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corr'gering the percentage increase in counts of trested aninds
relative o the controls. In these terms, substantial differonces
were observed between control and oxygen~exposed groups.  The
differences scem almest wholly attributable to the low Bponfancous
activity of the oxyyuen-exposed con“rol group, hewever. In terms
of counts per time perlod of the amphetamine--treated groups, there
scems to be little difference between ccntrol and oxvpen-expused

RIOUPS.

G. Summary and Discussion of Pharmacologiccl Studles

Studies of the effects of 5 psia oxygen on barbiturate-
induced sleeping times have been carried out and the
results given in a previous section., We were unable to demon-
strate a significant difference between rats expored to 5 psia
oxygen for up to twenty-cight days and contcol rate, one hour

after the test animals were removed from the chamber.

There has evidently been only one previous study of
the effect of hyperbaric oxygen on barbiturate slezping times in
rats.20 This wa~ a study of acute exposure for 90 minutes to
OXygen st pressuves up te fayr atmospheres. No effect was found
at an oxygen pressure of one aimosphere or three atmospheres.
A decrease in sleeping times was seen after a similar exposure to
four atmospheres of oxygen. Suppiemente-y gtudies of barbiturate
brain levels were carricd out and they were found to be the same
in exposed and non-exposed groups. It was concluded that a change
in the rate of blotraneformation of barbiturate was nct involved
in producing the effect. In our study, neirher an in vivo nor an
in vitro effect of oxygen at 260 mm on the action of barbiturate

could be demonstrated.



We were similarly unable to demonstrate that exposure
to 5 psia oxygcn changed the activity of meperidine in the rat
ussing the hot plate techrique one hour after test animals were
removed from the chamber. An exposure period of efght days did
not change the activity of meperidine or propoxyphen in the rat
in a sipilar study, Of possible futerest with regard to this
result is the very recent report of Greenbaum ¢t a2.21 Thosge
investigators showed that exposure to an atmosphere of helium
and oxygen at 266 psig was without effect ou morphine analgesia
in the rat. Oxygen partial pressures did not exceed that of the
atmosphere, Their very elegant experimental arrangement did not
require the exposure to be interrupted for a study of the drug,
and the hot plate technique was also used, In another paper,zz
it was also shown that the antiinflammatoxry activity of corti-
costerone way unaltered by the sane helium-oxygen atmosphere,

Of interest here, the stress aspociated with pressurization did

not influence the activity of the drugs studied.

The single case where we may have found a difference
between control and oxygen-exposc’ | roups is in the study of
amphetamine, but the case is not yet convincing., It is quite
pos.ible that the effect of repressurization artificially resulted
in decreased spontaneous activity of the control groups. As we
did not wigh to purasue a study of the eflfectr of repressurization
on spontanecus activity in the rat, this uncertaiaty in inter-

pretation of the result remains.

is our feeling . 1t our finding of no diffcrence
between expoged and non-expor  rats in the studies carried ovut
is a stronger result than could be claimed if differences were
found, This conclusion is reached if the uncertainty of the
effect of repressurization is considered, Differences could

alvays: have been attributed to the need for this cperation.
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Av Croturny onb, on oexact canse latios of olvien=laduced of Do

by cifcets fram reprossnrizat lon would be entracrdinacy.,

A final possibllity {s that 1) oayp n-induced effcets
are reversed within the Cirst one or twe hours after the animals
are removed from the chamber, This poesibility remalng, but 1n
any event, effects readily reversible withia thils time way not

be profound tou begin with,

An important and Interesting questinn, not adequately
addressed In the program, 1s whether stress induced by pain will
interact with the stress fmposed by the oxyrgen environment In
altering drug cffects, The considerable difficulty expericnced
in haudling animals at altitudes are described on page 63, These
probliems prevented our being able to stress the anilmals in the
chamber without substantial modification ol its design. 7The
approach ot rewoving animals from the cha-her for gtudies of
cumulative cffects of otlier stresses zeemed undesirable, Physie-
logical and pharmacological effects of stress are usually studied
after animals have been subjected to a chronlc stress of up to
several hours. If this were donc outside the chamber, the effects
of the oxygen envirvnmeat could disappear during this period.

Consequently, such a study wag not attempted.

The major conclusion frem our program of work would
seem to be that an oxygen environment at 260 mm is insufficiently
stressful by ditself to result in altered pharmacological action,
It may yet prove that stress in an oxygen environment will have
greater pharmacological effect that the same stress in an ordinarxy
environment but there is ne information on this peint available

at presant,
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V. ENPERIMEETAL DETALLS

A, Exposure of Anlmals to 5 psia Oxvgen

The details of construction and performance of our altl-
tude chamber are described in Section VI, Here we have summarized
the procedures used in exposing the animals and the ambient op-

ersting conditions of the chamber.

thal atmospheric pressure waintained in the chamber
was 260 mm., Carbon dioxide concentration was generally below
1 mm, but occasionally went as high as 2.5 mm when the lithium
hydroxide absorbent required replacement, Nitrogen, doubtless
introduced into the chamber by lesks, varied from 2 mm to 10 mm.
Water vapor concentratlon was usually Iin the range of 7-14 mm
{relative humlidity sbout 37-74 percent). The humidity tended to
drift toward the upper leavel between changes of the lithium hy-
droxide absorbent. Oxygen concentratlon * aried between 91 and 96

percent during the exposure period.

To initlate exposure, groups of animals were placed in
the chamber and it was brought to 26C mm during about 20 minutes.
During this period, a high rate of oxygen introducivion was used
to keep the partial pressure of oxygen in the range 200-230 mnm,
The gus flow rate was about 900 litérs/hour during this pariod
wad oxygzn concentration of the exit gas from the chamber was
monitored continuously. When the chamber reached 260 wm pumping
was continued and the oxygen flow rate reduced to about 500 liters/
hour. This permitted nitrogen to be purged quite rapidly and
PO, could be brought to 240 mm in an additional 30 minutes, At
this point, the system wus switched to the Thowas pump used in
t" gzas recirculating system and the gas flow rate reduced to
about 200 liters/hour.
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Tt proved to be Impractical to change water hottles
and remove andmals from the chawber using the space suit sle
and gloves with the air lock while the chamber was at 260 mm.
The chamber was therefore brought te ground level for these op-
crations, The rate of introduction of ailr was sucli that the
chamber pressure was returned tuv one atmosphere within about 5
minutes, Animals were removed, water bottles replaced, trays
used to collect eaxcreta changed, and the chamber agasn brought
to altitude as described above, This cycle could be completed
in about one hour and total exposure times rec-rded in previous
sections of this report are corrected for the rime during which
exposure was interrupted. Uninterrupted exposures of up to 4
days could be carried out, As work progressed, 1t was necessary
to have two or more groups of animals on different axposure
schedules in the chamber simultaneously. This resulted in the

chamber being opened at three-day intervals on occasicn,

Operatior of the recirculating pump was somewhat noisy
and for this reason all control animals were kept in the same roo..
as the altitude chamber. It was hoped that this would minimize
any possible effects due to noise being introduced into our ex-

periments,

The room was air conditioned and when room temperature
was controlled, no increase in temperature within the altitude
chamber occurred because of heat produced by the animals.

Male Sprague-Dawley rats were obtained from Charles
River Breeding Laboratories. Rats were isolated in suspended
cages for at lesst five days prior to use. This was done since

it has been shown23

that certain types of wood shavings commonly
used in animals' bedding will induce production of microsomal
enzymes resulting in high rates of drug metahol{sm in v{tro and

. .
P v N
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A support, constructed from galvanized iron, was used
to suspend cages In the environmental chamber, Animal cuges
were constructed from stalnless steel and had a wire mesh floor
(Figure 11), This permitted excreta to drop from the cage into
alumirum trays suspended about two inches below the floor of the
animal cage. The aluminum tray was filled with animal beddlang.
This isolated the animal from the bedding and permitted the bed~
ding to be changed by changing aluminum trays,

Control rats were kept in similar suspended cages.
Control and oxygen-exposed rats ware always from the same ship-
ment from the breeder., This was done in an effort tc keep uncon-

trolled variables from being introduced into the experiment,

Rat weights renged from 150-300 g, although in each in-
dividual experiment animal welghts from cantrol and oxygen-expused
groups were approximately the same. For the 28-day exposure
period, exposures were started with 90 g rats, At the end of the
exposure period these rats were about 250 g. Rats for other ex-
posure periods were usually about 125-150 g at the beginning of

exposure,

B, Preparation of Microsomes

Rats were weighed then sacrificed by cervical disloca~
tion or decapitation and exsanguinated. Livers were excised
from control and oxygen-expused rats immediately placed in cold
1.15% KCle and kept on {ce. Each liver was waighed and homogen-
ized in 25 ml cold 1.15% KCl and the homogenate spun at 9000 x g
for 30 minutes using a Lourdes centrifuge which was kept in a
cold room, The supernatant was poured through a double layer of
gauze to remove floating lipids. 1t was then centrifuged in a
refrigerated Beckman Model L ultracentrifuge (head 30) for 1-1/4

hours at a 100,000 x g maximum field, The supernatant was de-
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cauted aud the pellets representing the picroscmal fraction were
poeoled into six groups representing two livers each and resuspend-
¢d in cold 72,05 M phosphate buffer, ph 7.4,

A protein determination was cairried out in duplicate
on each pooled liver preparation using the Tolin Phenol proccdure.25
Fach microsomal preparation was then diluted with buffer to 20 mg
protoin/ml.  Incubation mixtures to be used for in vitro metabol-
ism studies were prepared immediately. Each mixture contained
20 mg microscmal protein, 20 ymolas nicotinamide (Mann Rescarch
Labs), 20 umoles glucose-6-phosphate (Sigma Chemical Co.), 25
umoles of magnesium chloride, 2.25 umoles uf NADP (Sigma), 2 units
of glucose-6-phosphate dehydroganase (Sigma) end drug {(0.1-20
smoles per 6 ml)., All incubatlons were carried out In air using
a shaking rate of 105-110 osclillations per minute,

Solutions of cofactors in buffer were prepared fresh
for each experiment. The NADPH generating system (glucosu-6-
phosphate, NADP and glucose-6-phosphate dehydrogenase) was asasayed
whenever a new bottle of any of these reagents was used. The

method was that of Kornberg and Horecker.26 This precaution
saved effort in tracing causes of the few inactive microsome

preparations encountered durina this work.

C. Barbiturate Oxilase

The kinetics of metabolism of hexobarbital tvas followed
by observing the rate of disappearance of substrate using the
analytical method of Brodie et aZ.18

Incubation mixtures containing 0.2, 0.3, 0.5 and 1.0
micromoles of hexobarbital per 6 ml of the microsumal mixture
described above were prepared. Each mixture (12 ml) was kept at
zerc degrees on ice at all times prieor to incubation, At zere

time & 5 ml aliquot of the mixture was taken and placed in 30 ml
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of heptane contatoing 1.5% of fsoma] aleohcel with 5 1 0.00 molar
phosphute buffcer ol 4.3 aud saturated with Narl, After re-
‘moval ef the zero time sanple, the incubation misture was placed
in a 37° shaliing water bath (New Brunswick Sc¢lentific Co., Model
G-77) and incubated f{or scven minutes, At this polnt another

5 ml aliquot of the incubaticn mixturc was taken and placed in

the leptane/buffaer mixture to stop the reaction. All samples
were uxirncted by shiakiug In a reciprosal shaking cpparatus for
30 minutes, After extraction, each tube was centrifuged at 700

x g for seven minutes in an International Model PP-2 centrifuge,

For determination of barblturate a 7 ml aliquot of the
upper orgenic phasc was added to 3 ml of 0.8 M phesphate buffer,
pH11 and shaken for 10 minutes. Samples were centrifuged, tho
organic phase aspirated off and the optical density of the aqueous
phase read at 240 nm and 280 nm. From the optical density differ=-
ence at 240 om and 280 nm concentration of barbiturate was deter-
mined, Haexobarbital that was metabolized was calculated from
the difference between this value and that found for the zero

time sample.

D. Aniline Hydroxylase

The following is baséd on the procedure of Kato and
Gillattelo. Incubation mixtures (6 ml) were prepared as pre=-
viously described and contained 1.1, 1.6, 2.6 and 5.3 micromoles
of ariline per 6 ml of mixture., The aniline had been receavly
distilled, Eanch sample was incubated at 37° in the shaking water
bath and a 5 ml aliquot taken at 7 minutes. This aliquot was
vdded to 15 al of pueroxlde free GCher,27 sodium chloride was
added to saturate the aqueous phase, and the mixture shaken for
10 minutes, It was then ;entrifuged tor 7 minutes at 15,000 rpm,
To a 10 ml aliquot of the ether layer was added 1 ml of a 1%

plenol golution and 1 nl 0.5 M N33P04 arid the mixture shaken for
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3 migutes, The cther layer was asplrated and the color allowed
to develop for 20 minutes, One ml of wuter was added to tha
colored solution and the optical densily read at 660 nm for

determination of p-hydroxyaniline,

The color generated by the metabolite, p-hydroxyaniline,
with phenol in basic solution is due to the formation of indophenol,

E. N-Demethylase Activity

The rate of formaldcohyde rroduction from the N-demethyl-
ation of propoxyphen, meperidine and cyclizine was determined
using the Nash procedure.28 Incubatlon mixtures were prepared
a5 previously described, but with tha addition of 15 micromoles
of semicarbazide hydrochloride/ml of incubation mixture. This
traps the fnrmaldebyde as {ts semicarbazone, preventing its fur-

ther oxidation te carbon Jioxide,

Drug levels were as follows: propoxyphen and meperidine
at 1, 2, 10 and 20 micromoles per 6 ml of incubation mixture;
cyciizine at 0.1, 0.2, 0.5 and 1 micromoles per 6 ml of incubation

mixture,

The mixture was incubated'at 37° in the shaking water
bath and at seven minutes, a 5 ml aiiquot taken, This was immed-
iately added to 2 ml of 10% Znso4 (w/v using anhydrous znsoa) to
stop the reaction. Each sampla was agitated with a vortex mixer
and after 5 minutes again agitated. Saturated bar’lum hydrcxide
solution (4 ml) was added to each sample, the tuhe contents agi-
tated and centrifuged at 15-17,000 rpm for 10 minutes, 1If the
suparnatant was cloudy,known amounts of 10% Zn504 solution or sate
urated barium hydroxide solution were added until it became clear.
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To a 5 m} aliguot of the elear syperuniant, 2 ml of

fresh'y prepared double sirengrh Rash ruagvntzn was added and
the mixture incubated for 30 minutes at 60°. The yellow caler
which develeped vus guantitated by reading optical denslty at
412 nm,  The yellow colox is due to the [urnation of

3. 0=diacetyl pyridine fvom 2,3-butancdiune and forwvaldehvde in

the presencs of ammenium acotate in e Nash peagent.

F. _Anphetaning Hydrexylase
Attenpts were made to follow witabollum of amphetamine

by rat liver and guinea pig liver microscmes by measuring dis-

appaarance af aubscrate.29 The assay procedure wes that of

Sulger ¢t 41.30 in which Hs-d—amphetamine is deternined by scin=-

tillntiﬁn counting., We were unable to drmopstrate metabolisu

in vitro with the rat or guinea pig. After this work had begun,

an independent report appeared which claimed thut the rat hydrox-~

ylated amplietamine tn vive, but also thac :.at liver microsomcs

in vitro did not metabolize this drug Rat liver sllices were

alao inactive. It seemed possible that inactivity was due to

the fact that smphetamine exluted predominantly as 1its salt at

pH 7.4. The salt might not entev microscmal 1lipld., Since

studies with other substraces31

had shown that increasing the pl
of the incubaticn mixture to 8.2 permitted metabolism to be ob-
served 7n vitro with orgunic bases not metabolized at pH 7.4 by
microsomes, we altered the pH of the incubation mixture, With
rat liver microscmes st pii 7.8 or 8.2 no metabolism of amphe~

tamine cccurred,

We confirmed the report32 that in vitro metabolism of
amphetamine {s facile with i1abbit liver microsomes, but the
rabtbit was too blg for convenient study in cur chamber, We also
found rapid merabolism of d-amphetamine with liver mirrosomes

prepaved from the Dutch rubbit., Substrace levzls were 0.05, 0.1,



0.2 and 0.5 microioles of drug per 7 ml of incubate., There was
a good substrate deperndence in the ra:.es observed., The Dutch
rabbit is nuch smaller than the albino rabbit and could have

been used in our chamber.
It wes ultimataly decided thet doing all our work with
one species was nroferable and that aniline would be used to

study the aromati: hydroxylasae system of rat liver,

G. Determination of Cytochromes b, and P-450
-

Cytochrome b5 wvas determined by the method of Stite-
matter and Velick.a3 Cytochrome P-430 wae determined as described
by Omura and*Sato.Ja An allguot of the mirrosomal protein mRus-
pension (v20 mg/ml) was diluted with 0.05 molar pH 14 phosphate
buffer tuo a concentration of 2 wg/ml, Three ml of this dilution
was aliquoted into two matched cuvettes, To the sample cell was
added a few milligrams of sodium hydroaulfite aud, after mixing
the contents, the difference spectrun was reccided (Figure 12),
The sample cuvette was then placed in the reference beam and the
reference cuvette treated as follows: a few milligrams of sodium
hydrosulfite was added and o gentla'atream ot carbon monoxide
bubbled through for 20 scconds., This cuvette was then placed
in the sample beama and the difference spectrum recorded (Figure

12).

Cytochroue bsllevels are expressed as the optica} den-
sity d{fference between 427 nm and 407 nm/10 mg microsomal pro-
tein/3 ml. Cytochrome P-450 levels are expraesced as opticul
density differences between 450 nm and 490 nm/10 mg microsomal
protein/3 ml in this stavdard procedure. This is adequate for
purpeses of this study since we are interested in comparipg

uroups rather than i{n absolute amounts of cytochrome,
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FIGURE 12: Differecnce Spectra of Cytochromes
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H. Attempts to landle Animals at Altitude

The purposce cf this fuction is to record in detull our
cxpcriénce in attempting to work with available space suit sleeves
“and 2loves at 5 psia chamber pressure, The rigidity of the
sleeves and the unavailability of rotata’le erm bearings made
lateral and vertical arm movements at altitude almost impossible.
Hovements involving bending of the eclbow jdint ware difficuly,
but possible., Rotaticn of the wrist joint was done with litrla’
effort and finger dexterity with the Geminl gloves was acceptable.
Proloaged use of the Geminl gloves at 5 psia resulted in rupture
of the glove bladder, Apollo gloves cocked to one side at 5 psia

and 1t was not possible to use them at this pressure,

Opening and closing the air lock door was difficult
at 5 psia using the gloves and sleeves, With use¢ of 8 ratchat
wrench and a vacuum manipulator (Model HE-103-3 from
Vacuum Atmospheres Corporation) the air locl. door could be opened
and shut with ease. Alsoc with the use of the manipulator, ani-

mal cages could be moved in and out of the chamber,

To utilize the space in the chamber, cages were ar-
ranged in two tiers of four cages along one side of tha chambar.
With either the sleeves or vacuum manipulators moving cages to
and from the second tier was not pracfical. Watar bottles
could be changed and food added in cages directly in front of
port holes, but with our arrangem=nts there was insufficient
mobility for handling all eight cages.

It proved that all necessary operations - moving cages,
changing water.bottles, transferring animals within the chamber
and injection of drugs inte animals with a hypodermic syringe -
vuald be carried out in a prictical way at 450 mm chamber '

Fressure, corresponding to zbout 12,000 feet altitude.
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Giving aninmale lutrvaperitoneal ipjoections at altitude
was done without the need for actual handling of the animals,
This was done by placing the animals Individually in capes
(Figure 13) which permitted the animal to be immobilized by
lowering an adjustable cage top (Figure 13)., The animal was
injected intraperitoneally through the cage, the cage top was
raised and the animal observed for drug effects, Galn and less
of the righting reflex after administration of barbirurate
could be determined by watching the animal's response to tilting

of the cage.

At lower pressures some operations were still possible,
but in our judgment not practical vithout further modification
of sleeves., In the course of our work, we did the following
brief study to gain experinece in injecting animals at altltude
in the chamber. Five animals in individual cages (Figure 13)
wvere taken to 450 mm (12,000 feet) for 18 hours. During thls
period, a flow ¢f air through the chamber at 9060 liters per hour
was maintaived. Monitoring of tr~ exit gas by GLC showed no
accumulation of COZ. Without interrupting exposure, the animals
were given hexobarbital (80 my/kg, i.p.) and sleeping time de-
termined from loss and gain of the righting reflex. Five con-
trol animals in similar cages were given drug and studied by
the same procedure, Sleeping times for both groups are given in
Table 17. This experiment was carried out in about 3 hours,
demonstrating the practicality of such an experimental approach

for certain low pressure studies,
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TABLE 17

HEXOBARBITAL~INDUCED SLEEPING TIME IN CONTROL RATS

AND IN RATS ATl 450 mm FOR 18 HOURS

_ Altitude Exposed Controls
Sleeping Time Sleeping Time
{mins) (mins)
42 23
25 26
25 47
42 29
45 i3
Mean = 35.8:9.9 Mean = 31.619.4
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V1. A SYSTEM FOR_SIMUJATING THE SPACECRAFT ATMOSPHLRE

o e s ———— -

A. Introducticn

1t was recognlzed from the outset of this program that
construction of a chamber adequate for the proposed work had teo
be carried out at minimum cost. This conaideration ruled out
use of a conventional altitude chamber and necessitated experi-
mentation with a novel approach., The approach was to construct
a glove box which would permit exposur« and manlpulation of a
large number of rodents during the course of the program. The
only previous experilence with low pressure glove boxes of which
we were avare was In the Lunar Receiving Laboratory at the NASA
Manned Spacecraft Center, Houston. Specially designed space
suit sleeves and gloves were used in the facility. Cost of
these sleeves and gloves was high and for our purposes conven-
tional space suit equipment, borrowed from NASA, was interfaced

with our chamber,

Also for reasons of cost, the chamber was constructed
fro. Plexiglasém. This construction material proved to be com-
pletely satisfactory and its transparency offered a considerable
advantage. Plexiglaségborts were arranged along one side of the
chamber permitting animal cages to be stacked along its other
side without putting them out of reach.

The chamber was equipped with an air lock and an en-
vironmental control and life support system. This system was
designed to maintain a group of animals for at least 30 days.
The following sections describe the various components of the
svsten.  Qur experience in carrying out varlous tasks at alti-
vide vstng the space sult sleeves and gloves is detailed on

Vage H4,
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FIGURE l4: Front View of Ple::iglasa® Chamber Showing Four
Ports, Two Equipped with Vacuum Manipulators
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achieve a satlsfactory vacuw tight =geal with the O-ring already
installed In the Plexlglans” flange of the matin chamber body.
Both end plates were suitably drilled to mate with the Plexi-
glnség?langes of the chamber body and a large hole was machined
centrally in cine end plate to accommodate the air lock. Addi-
tional holes were also provided for the pas feed-throughs and

to accommodate chamb.r safety devices,

The Plexiglnssqgir lock on the commerelial chamber was
not suivable for the larger ADL chamber which would be operated
at a pressure below ambient, Therefore, a circular aluminum
air lock (18" long x 15" diameter) was purchased from Vacuum
Atmospheres Corporation, North Hellywood, California (Figurel5).
This air lock did not require modification except for the re-
moval of a slidlng shelf to permit the entry of the large animal
cafges, <t was equipped with air inlet and evacuation valves and

a full diameter opening door at either end.

To prevent slight distortion of the end plates when
the chamber was operated at 5 psia, both end plates were rein-
forced. The reinforcement took the form of two lengths of
channel beam (type 606115 alloy, tensile strength of 45,000 psi)
bolted to each end plate which allowed each section of beam to
carry a uniform load of 1.3 tons (see Figure 15). Each beam
wag bolted to the platz with 6 high tensile steel bolts, uni-
formly spaced and able to carry a lead of 500 pounds. All the
bolt holes were reinforced with steel helicoils into which the
bolts were screwed. The channel heams on the end supporting
the air lock could not be placed at the optimum separation
becususe of interference from the afir lock flange. This channel
beam reinforcement was, nevertheless, sufficient to prevent dis-

torticon of the end plate,
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Three palre of space sult gloves and sleeves were ob-
tained on lean from MASA and wele {(aterineed with the chamber,
1t did not appear feasible to cut the sleeves and it was declded
to attach the sleeves at thedr full length, although thias length

was not optimum, in thsa manner descerlbed below.

A picture of the complete sleeve and glove attzched
to the glove port flange is shown in Figure 16. The assembly
conalsted of a flange with notched shoulder whicﬁ fitted inslde
the Plexiglass glove port with just sufflecient clearance to
attach the shoulder end of the sleceve. The convoluted shoulder
was a tight fi¢ over the aluminum support an' waa held in place
by a band which forced the material into the notch and held it
firnly. A gas tight seal wag obtained by the use of RIV sili-
cone sealant (General Electric, Waterford, New York) between
the rubber slecve and the alumipuwm. The sleeve pssembly is
subjecrod to an estimated 30U0-pound pull when the chamber is
under vacuum, Asg a further precautiovn, nylon lacing wac used
to connect the nylon webbing on che sleeve pins, set at inter-
vals around the circumference of the flange shoulder (Figure 17}.
This gave a strong gas tight asge -1y which gave no trouble
during extended cperation.

C. Gas Supply and Circulation System

A linec diagram of the system is showm in Figure 18.
This system was deaigned to supply oxygen at controlled pres-
sure and flow rate to the space simulation chﬁmber, to clrcu-
late gas through the abrorber system for removal of carbon
dioxlde and vater, and finally te purge gas from the system,
The gas puv,2 prevented bulld-up of nitrogen fror leaks ond of
toxfc products produced by the animals which were nol removed

In the absoricr units.
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The system was constructed using brass valves aud
other fittlugs conmvected by copper tublinz. A 378" bore was
used for the maln lines to the chamber and 1/4" bore for all
orhuer lines, A double ended diaphragm pump with a single motor
(Thomas madel 4907CA22, Thomas Industrics, Sheboygan, Wisconsin)
wae used for the combined circulatlion and purge pump. All parts
of the pump except the pumping chambor itself are lsolated from
the gas system by a rubber dlaphragm, thus preventing the access
of oil and other contaminants into the system, Rapid in{ittal
pump ¢ wn of the system was achieved with a wide bore connection
on the alr lock using the air lock pump which was a rotary vac-
uum pump (Kinney model KC-5, Kinney Vacuum, Boston, Massachu=-
getts), The pump fluid was a phosphate based material (Kinlube
220, Kinney Vacuum, Boston, Massachusetts) recommended for
pump {ng oxygen. System pressure was maintained by the gas
pressure regulators (Matheson model 49, Matheson Gas Products,
East Rutherford, New Jersey) which cnould be set at any value
from 760-0 Torr. Maximum gas flow rate through the syatem was
determined by the pump capacity on the exit {purge) line and
could be throttled back by means of a fine adjustment valve in
advance of the pump. The circulation system could be similarly
throttled 1f required. Valves were placed at each end of the
chamber to fsolate it from the gas handling system and a bypass
was available to operate the system gas supply separately from
the chamber itself. The circulation loop contained four ab-
sorbers which could be operated in serles or parallel and iso-
lated from the system to permit changing absorbent without in-
terrupting chamber operation. Closing the chamber isolation
valves also permitted an experiment to proceed in the chamber
for a limited period of time in the event of a walfunction in

the gas supply system which required it to be chiut down.
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The alr lock bhad its vwn pressure regulator, pas
supply system and purge pump ro that [t could be operated inde=-
pendently with the Inner air lock door closed. This allowed
the andmals to be traasferred to and from the chamber without
tuterruption of operation. The alr lock pump alse had a sepa-
rate line which provided a weans of pumping the glove port
covers., With the glove port covers in pluce the gloves could
be collapsed by producing a vacuum on the outside thus relicv-
ing the stregs on the gluves when they were not ir actual use.
Oxvgen was provided from a supply of medical grade liquid oxy-
gen (99.5% from Linde Carbonic, Division of CGeneral Dynamics,
purchased In LC3 cylinders)}, regulated to 10 psig, and was
passed through a molecular sieve filter to remove any oil,
pnrtinulatcs.'or other impurlties before enturing the system.
Three sampling lines to the analytical system were provided to
monitor gas 1nlet to the chamber, exit from the chamber, and
from the air lock.

Commercially availagle absorbers were used (Matheson
model 449, Matheson Gas Products, Last Rutherford, New Jersey),
although these were considered somewhat smaller than optimum,
Each absorber contalned a removable cartridge which held about
400 grams of anhydrous lithium hydroxide. An 0.5 micron filter
(Gelman type E, Gelman Instrument Co., Ann Arbor, Michigan)
was placed at the exit side of each absorber to prevent lithium
Lydroxide dust from being cartried into the chamber.

The gas supply system worked very well, the only.probn
lem being some corrosion of the copper lines after 6-8 months
of operation. This corrosion was moce proncunced in sections
exposed to hligh humidity and was thought to be due to formation
o1 o copper-amnonia complex. Qperation of the circulation pump
mul ather components was still reliable at the end of the pro-

M,
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D. Design and Opers  on of Life Support System

The systen design was based on an internal chamber
volume of 1200 liters (42.4 cubic fect). The chamber could be
pumped down to 5 psia in about 25 minutes, uslng a large capa=-
city pump attached at the air lock. It could be repressurized
to 1 atm., in 5-10 minutes. Scparate pumpdown of the alr lock
alone took only a few minutes. With the chamber isolated from
the gas handliug system and pumps, no pressure loss was notice-
able over a period of six hours. This corresponds to a leak

rate of less than 3 liters/hour.
The speciiic considerations given to chamber design

and a review of actual performance achieved are outlined in

the following sections.

1. Mass Baljance

The system was intended to provide life support for
40 rats for periods up to 30 days in an atmosphere of pure
oxygen at S psia. The rates of carbon dioxide and water pro-
duction agsumed, the estimated leak rate of nitrogen through
the ~'oves and the assumed raée of contaminant generation are
given in Appendix 1. From these data, ammonia appeared to be
the most serious contaminant. Censequently, design considera-

tions were aimed at satisfactory removal of ammonia.

Estimated cdaily gas consuuption and production rat:s
are given in Table 18, together with the minimum gas flow rates
required to remove trace contaminants from the system and pre-
vent thew exceeding their maximnm allowable concentration (MAC).
Tite flow rate calculated to remove total water was based on the

assunption that all water produced by the rats (liquid and vapor)
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must be removed as water vapor in the gas stream., The calcula-
tion for partial water vapor removal assumes that only the water
vapor produced from perspiration and respliration must be removed
in the gas stream, The MAC for water of 10 nm is not a true MAC,
but based on the desirable relutive humidity level of about 50%.

TABLE 18

ESTIMATED HOURLY GAS PRODUCTION AND CONSUMPTION RATES
IN THE CHAMBER

Minimum Required

Flow Rate
1/hr 1/hr (STP) MAC

Addition

Oxygen 14 14 258 mm (5 psi)
Removal

Carbon Dioxide 14 1400 2.6 mm

Total 88 2270 10.0 mm

Water oortial 30 775 10.0 mm

Nitrogen ] 300 5.2 mm

Trace Contaminants 0.034 340 10.0 ppm

A combined circulation and purge system with carbon
dioxide absorbers in the loop was selected as most suitable for
our needs, The alternative, a straight through system, was
discarded in view of the very high oxygen requirements (at
least 1400 liters/hour) necessary to keep the carbon dioxide

at an acceptable level.

For a combined c¢irculation and purge system, the mini~
mum purge flow rate (300 liters/hour) was fixed by the rate of
nitrogen leaking into the s stem because the nitrogen could not
be remeved in any other way. The figures in Table 18 showed
that a slightly higher than minimum circulation rate (340 liters/

hour) would alse take care of the trace contaminants expected
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to be produced in che systen,  Estimates of water vapar concen-
tration were felt to be least cortaln, 1t was decided te deal
with this problem by direct experimentation after construction

of the system.

Consfderation was also piven to the question of gas
velocities. At a combined flow rate of 1400 liters/hour (4200
liters/hour at 5 psi), the lincar gas velocity through the cham-
ber would be about 0.005: feet/second, which was insufficient
to disturb the animals. The Y.near velocity in the 3/8" dia-
meter circulation would be about 10 feet/second (depending on
absorber configuration). These gas velocities would not result

in a noticeable pressure drop through the system,

A design purge rate of 400 liters/hour and a recir-
culation rate of 1000 liters/hour seemed adequate for mecting
anticipated contaminant problems, Initial maximum flow rates
achieved in the chamber as it was constructed proved to be 850
liters/hour in the circulation loop and 300 liters/hour in the
oxygen supply. Increased flow rates for the circulation loop
could have been achieved by the use of larger bore components.
That for the oxygen supply could have been increased by use of
a conventional vacuum pump with Increased pumpilng speed in addi-
tion to the Thomas pump used in the recirculation system. As
the chamber wae operated, the nunlber of animals actually ex-
posed in the chamber never exceeded 24 and no difficulty was
encountered due to 'inadequate gas flow rates., Therefore, these

possible changes werc not wmade.
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2. _Carbon Dionlde rbsorption
It was decided that sufflcient absorption capacity to
remove 10 liters/hour of carbon dioxide should be placed in the
circulation loop. Anhydrous lithium hydroxide was chosen as
the carbon dioxide absorbent because of its high copacity and
Jts abllicty to absordb water simultancously. Values obtained
from the literature for the absorption of carbon dioxide by one
pound of lithium hydroxide varied from 131-390 liters. This
figure is obviouely dependent on bed design and in many cases
insufficient details of the design were given. One exumple3
gives a fairly conservative figure of 200 liters of carbon
dioxide/pound of lithium hydroxide (440 liters carbon dioxide/kg)

and provides the information shown in Table 19 beclow,

TABLE 19

DESIGN PARAMETERS FOR CARBON DIOXIDE ABSORBERS

Literatnre Available
Reference 35 Absorbers

Carbon dicoxide mm 51 2.6
partial pressure

Gas flow rate 1/hr 10.5 250

Bed volume mls 10 850

Linear gas velocity ft/min 2.9 4.2

Bed aspect ratio {bed lengt:./ 3.1 3.8

bed diameter)

Available absorber units gave the design parameters also shown
in Table 19. Thes: v.lues appeared close to the literature
values provided all.: 2 =ce was made during construction for the

use oi absorbers in series or in parallel. This was done. The
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theoretical absorption capacity of the lithium hydroxide In the
absorbaer was caloculated to be 150 liters of carbon dloxide,
According to the literature, 280 liters of water c¢ould be ex-
pected to be removed simultanecusly. It was anticipated that
the lichium hydroxide would become saturated with water before

becom!ng saturated with carbon dlioxide,

The absorber system was designed to be operated with
two units in series, or up to four units in pavallel without
appreclable preassure drop. Operation showed that the life of
the aleorber system wus not limited by CO2 absorption, but by
water absorption in the lithium hydroxide as anticipated. Leak-
age from the water bottles contributed to the water removal prob-
lem and was a significant source of water vapor. In a run with
18 rats i.. the chamber, four absorber canisters (in parallel)
became saturated with water after 48 hours use., The lithium
hydroxide was cakd inside the absorbers and contalned about
55-60 wtX at saturation, which 18 quite cloge to the theoretical
value (75 wtZ). At 50 wt% absorption of water the lithium
hydroxide appeared quite dry. During the 48 hours operation
the water vapor partial pressure rose from about 7 mm to 14 mm
in this run. Water vapor content in the inlet oxygen was esti-
mated to be around 200 ppm, therefore making a negligible con-
tribution to the total water corntent. <Calculaticns showed that
the absorbers ware removing an average of 1> liters/hour of
water vapor making the total water vapor removed from the chan~

ber by absorption and purging abou: 30 liters/hour.

Carbon dioxide removal by the absorbers was equivalent
to 2.8 liters/hour when 23 rats were in the chamber., It was
estimated that a total of &4 liters/hour was produced in the cham-
bor. This is equivalent to 4 liters/day/rat (1.4 mls/gm rat/day)
vi:ich 1s about 70% . F rthe figure for CO2 production obtained

from the literature.
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The ratio of water vapor Lo carbon dioxide ahsorbed
(4.0 v/v) 18 within limits calculable from published data
(2- 1"'6-5. VIV)O

E. Analytical Measurements

Three sampling lires monitoring gas composltion were
contrelled by electrically operated solenold valves actuated
automacically or manually. Details of this arrangement are
shown in Figure 19. Each sample line was operated with a 3-way
solenold so that gas passcd directly to the pump or, on actuntion
of the solenoid, passed through the analytical measuring system
and then to the pump, The automatic timing circuit (Figure 20)
sllowcd inlet gas or exit gas to be sampled during each consecutive
half hour. Midway through this hslf-hour period, the solenoid
valve controlllng the sample valve on the gas chromatograph was
actuated to inject & sample into the gas chromatograph., The air
lock was not sampled sutomatically but alr lock, inlet, or exit
gas could be manually sémpled and analyzed at any time by the gas
chyomatograph. The gas being sampled passed through a small
chambter containing the humidity and oxygen sensors then through
the gas chromatograph sample valve before 3oing to the pump.

The pressure in the sampling system wes the same as that in the
chamber, 260 mm.

The main anal;sis was by gas chromatography (Fishey-
Hamilton, Model 29, Fisher Scientific Co,, Pittsburgh, Pa.)

This instrument is a two-column unit with the columns thermo-
stated near room tempercture and possesses a thermal coaductivity
detector., A flow diagram of the gas chrematograph 1s shown

in Figure 21,
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Helium . ~orier gag flows ti.rough the reference side

of a double thermal con. -. ivity cell and then through the sample
inlet and drying tub + 1 (molecular sieve). This
column holds back ca.. *liile the iest of the composite
sample is recorded as I ietector 54. While the eample is

passing thoough column 2 (3U purseent DEHS* on Chromosorb P), the
column 2 peak appeavrs and is detected at 82. This relatively
simple system was able to separate carbon dioxide, oxygen a.d
nitregen, which werc the main components of interest. A refe-
rence trace (from the manufacturer's catalog) and & typical chroma-
togram are shown in Figure 22, The system would also have de~
tected the presence of methane or carbon monoxide. Neither of
these components was detected, As received, the gas chromato-
graph had only & manual sampling valve. This was automated by
attaching the valve stem to the cove of a heavy duty solenoid,
and actuating it by the timing cilrcuit previously described

(see F_gure 20).

To supplement the gas chromatographic analysis, separate
analyzers were used to give a continuous record of oxygen and
water vapor concentration., The Model 3600 oxygen analyzer was
a polarograptic type (IMI, Becton Dickinson, Newport Beach, Calif.)
with 0-100 percent oxygen full scale. The water vapor analyzer
was a Panametrics Model 1000 (Panametrics, Waltham, Mass.), able
to measure water vapor concentration {rom a few ppm to 20 mm,
Output frar these two unite was recorded on a dual pen Varian
recorder (Model 5A, Varian Associates, Palo Alto, Calif.).

After minor adjustrents to the solenoid which actuated
the sampling valve, the gas chromatograph operated reliably during
the program. Tovards the r »f the program, scme deterioration

of tne molecular sieve col. was observed (decrease in pesk

* DEHS = Di-2-ethylhexylsebacate
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retent Lon times) probably due to some contamirant from the
chapber., No problems were encountered with the Panamctrics water
vapor instrument. The oxygen analyzer muaintained its calibration
for about four days. Recharge of the polarographic sensor was
required every 2-3 weeks which was somevhat inconvenient., No
problems were encountered with the mechanical operation of the
analytical section except for on¢ solenoid valve which became
noisy near the end of the program aftcr more than six months'
operation. This was replaced at a convenient point although 1t
was still operating reliably,

F. Bafety Feoaturecz

The main hazards associated with the use of a system
such as this are (i) implosion of the chamber due to a fault
cr gtreas tracking in the PlexiglaJéB, sad (11) ignition in the
presence of higher Lhan atmospheric concentrations of oxygen.
The Arthur D. Little, Inc. chamber wps evacuated to 2.5 psia
without incident and 1t was assumed that the chamber could be
cperated satisfactorily at 5 psia. To minimize ignition hazards,
all potential sources of ignition were excluded from the chamber.
Proviglon was made for rapidly fiiling the chamber with nitrogen
in the event of ignition. The danger from static electricity
bulld-up was considercd to be small because of the relatively
high humidity in the chamber, Additional safety features were
incorpurated to compensate for any malfunction which might
develop in the lifc support system. Alarms were incorperated
to bring the operators' attention to the malfunction. These

features consisted of the followina:

(1) High pressure alarm set to operate at about

8 psia, and actuate a solenold valve to shut

~ff the oxygen supply aleng with an audio
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and visual ularm. This alarm had to be

resct manuelly when the pressure was decreased
below 8 psia again, (A circuit diagram is
shown in Filgure 23),

(2) High temperature alarm set to operate 2t about

100°F and connected to the o gen supply solenoid
and audio visual alarm in the some manner

as the high pressure switch,

(3) Low pressure switch set to operate at about

3 psia and actuate a solenoid vatve in the
line to the vacuum pump, cutting off the
pump. An increase in chamber pressure above

3 psia autumatically restored the pumping again.

(4) Positive pressure blowout plug, 1.5 inch

diameter, placed over a hole i the chamber
end-plate. This plug was held in place by
the negative pressure normally present in
the system with an O-ring forming a vacuum
tight seal. Even slight positive pressure
inside the chamber caused the plug to fall
out and reledse this pressure. The plug

was attached to the chamber by a chain so
that it ecould not become a projectile in the

event of a rapid pressure rise.
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APPENDIX

Assumptions Made in Calculation of Gas Production and Consumption

Rated.

1.  Oxygen

The rate of oxygen consumption was ussumed equal to the

rate of CO2 production. In fact, it should be slightly lower.

2. Carbon dioxide

0, production in rat is 2.0 ml/g/hr, or 8.2 liters/day
for a 200-gram rat. Forty rats were expected to produce 328
liters of COZ/day. To maintain the carbon dioxide concentration
at 1 percent (2.6 mm) by purging alone would ruquire a removal
rate of 1400 literalhr.l

3. Water vapor

Figures for the rate of water production by rata were
not found in the literature. It was assumed that the ratio of
water to cerbon dioxide fér rats is the same as that for man,
although this assumption was recognizel to be tenuous. Konecci2
gave a figure of 2.62 for the weight-ratio of water to carbon
diox{de (equivalent to a 6.5 volume ratig;. Calculation gave
toe water production rate of 88 liters/hour. At a relative
huridity of 50 percent (10 mm water vapor pressure), the required
purge rate was estimated at about 2270 liters/hour. However, only
about one-third of the total water production is water vapor

produced by respivation and perspirarion. The remaining two-thirdas
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i1g ¢liminated os liqula water which must cvapurate before it can
contribute to the relative humidity. Althouph a velative humidlty
of 530 percent was uot felt to be critical, it was a desirable

figure at which to aim,

4, _Nitrogen

Nitrogen would cnly appear through leaks in tha system.
It appeared that the major leuk would be through the gloves and
leaks from other parts of the chamber were ignored. The glove
manufacturer (David Clark Company, Worcester, Mass.) suggested
that the leak rate of a glove would be in the region of 50 mg/min,
equivalent to 6 liters/hour for a pair of gloves. The suggested
maximum allowable concentration of nitrogen is 2 percent.3
Assmiming the leakage through the gloves to be 100 perceut nitrogen,
it was calculated that a minimum remaval rate of 300 liters/liour

would be required.

5. Trace Cortaninants

Conkle4 gives fipures for an altitude chamber occupied
by sub-human primates, fowls, and rodents. The other twe refe-

5,6 Conkle did not give figurees

rences give figures for man.
for rate of generation of contaminants, Therefore, it was more
convenient to use the data given by Auerbuch and Ruaeel? which
gave estimated generation rates and maximum allowable concen-
trations for a number of contaminarts., Thesc data ave reproduced
in Table A~1l. A column has also been added tc this table for the
ratioc of the estimated generation rate (EGR) to the maximum
allowable comrentration (MAC). The largest figure ‘n this column
represented the contaminant which would require the highest

purge rate to keep it within acceptable limits. All other
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contaminants can then be expectod to remain below the mua fnum

allowable concentration,

TABLE A=l

TRACE CONTAMINANT GENLERATION RATLES AND MAXIMUM ALLOWABLE CONCEN-

TRATIONS FORX A SPECIFIC TWO-MAN MISSION,

Estimated Space Maxinum

Goneration Allowable

Rate (EGR) Conc. (MAC) EGR

(1b/hr x 108) (PPN) MAC
Ammonia 8,300 10 830
Lenzene , 830 5 166
Carbon monoxide 230 20 11.5
Cyclohexane 170 80 2.1
Dioxane 83 20 4,15
Ethanol 830 200 4.15
Formaldehyde 83 1 83
Hydrogen 1,640 41,000 0.04
Hydrogen fluoride 250 1 250
Hydrogen sulfide 3.58 2 1.8
Methane 144,000 200 720
Methanol 830 40 27.5
Mzthylene chloride 83 100 0.83
Ozorne 8.3 0.02 415
Sulfur dioxide 83 1 83
Toluene 820 40 21

From the above table, ammonia appeared to be the most
serious contaminant. The value in the above table was translated
into terms of liters per unit of body weight to obtain an equivalent
figure for rats. Assuming the two men weighed 140 kg, this
calculution resuited in a removal rate of 340 liters/hour neces-
sary to maintain 10 ppm ammonia. It was recognizad that the figure

could be higher for rats, bur this estimate was the best that

could be made with available Jata.
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