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gest that this approach would produce data 
more reliable than red cell uptake of radio- 
iron, especially during weak or short-lived 
effects. Hodgson et aZ. (12) have reached the 
same conclusion following use of this method 
to study bone marrow stimulation. These 
experiments are being extended to determine 
the limits of accuracy and sensitivity of this 
method. 

We studied the depression of 
plasma radioiron turnover rates in rats fol- 
lowing X-irradiation. The depression is 
prompt (maximal by 24-30 hours) and, a t  24 
hours post-irradiation, is directly related to 
dose between 50 r and 300 r. Recovery oc- 
curs by the 6th post irradiation day, indicat- 
ing that subsequent anemia is more likely 
due to hemorrhagic diathesis than bone mar- 
row dysfunction. Sensitivity of the radioiron 
turnover method permitted a study of bone 
marrow response at frequent short intervals 
after irradiation. 

Summary. 

We gratefully acknowledge technical assistance of 
Mr. Alfred E. Seaton. 
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Poten tiation of Toxicity of Malathion by Triorthotolyl Phosphate.* (24668) 
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The demonstration by Frawley and associ- 
ates ( 1 , 2 )  that potentiation of toxicity results 
from simultaneous administration of ethyl 
p - nitrophenyl thionobenzenephosphonate 
(EPN) and S- ( 1,2-dicarbethoxyethyl) - 0,O- 
dimethyl phosphorodithioate (malathion) to 
rats and dogs stimulated other investigations 
(3,4) to ascertain whether various pairs of 
insecticidal organic phosphates cause a similar 
effect. In view of widespread use of these in- 
secticides on food crops? the testing of each or- 
ganic phosphate in combination with each of 
the others currently used. is now an estab- 
lished procedure essentia1 frottl standpoint of 
protection of public health. Potentiation of 
toxicity which occurs with EPN and mala- 

thion has recently been explained by Cook et 
aZ.(5) and Murphy and DuBois(6) on the 
basis of ability of EPN to inhibit detoxifica- 
tion of malathion. Detoxification of mala- 
thion consists of hydrolysis of 1 ,2-:icarbe- 
thoxyethyl side chains ( 5,7) and this reaction 
is catalyzed by non-specific esterase present 
in liver and some other ..tissues( 6) .  Under 
these circumstances it seemed likely that any 
chemical agent capable of inhibiting non-spe- 
cific tissue esterases could potentiate toxicity 
of malathion. Our attention was attracted to 
finding of Myers and Mendel(8) that trior- 
thotolyl phosphate (TOTP) inhibits aliester- 
ase activity of livers of rats. This compound 
has the chemical structure shown on page 484. 
The present investigation was conducted to 
ascertain whether this agent. u s d  industrially 
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as plasticizer, potentiates toxicity of mala- 
thion through inhibition of its detosification. 

ilIcthods uiid iwtcriu1.r. Adult male 
Sprague-Dawley rats ( 2  50-350 g) were main- 
tained in air-conditioned laboratories at  65- 
75’ F and fed Rockland Rat Diet. TOTI’ 
was dissolved in sesame oil for intramuscular 
ad m in is t r a ti on an d given i 11 t r a 1) e r i t ,)n ea 1 1 J* i n 
undiluted form a t  higher dosaqe levels or as 
propylene glycol solution when low doses \ \ . c I -~  
administered. For cutaneous ap1)Iicat ion of 
TOTI’ the iindiluted compound was spread 
evenly over a circumscribed area 4.: cni rli- 
ameter on sha\ved backs of rats. \\’hen clt~ws 
of less than 250 nig kg oi malathion were 
given, the compound \VBS clissol\~ed i n  10‘ 
ethanol and 90% propylene pl!.col and con- 
centration of nialathion was adjusted so that 
an amount equivalent to less than O.,3:;/r I)otly 
weight was injected. Doses esceedinq 2 50 
m g  kg of nialathion were given in undiluted 
form. In toxicity studies. the animals \\ere 
obserued for 10 days after treatment m r l  
LL),,, values xere calculated from niortiility 
data by logarithm-probabilit- method. (’ho- 
linesterase measurements were perfornietl 
manometrically by the method of llu Kois u id  
Jlangun (9) and measurements of enzymatic 
detoxification of malathion were made. using 
the method of Murphy and DuHois( 6 ) .  

Results. Prior to potentiation tests the 
acute toxicity of TOTI’ and malathion to 
male rats was measured. LD:,, values were 
2500 mg;/kg for T O T P  and 1100 mg/*kg for 
malathion when the compounds were admin- 
istered in single doses intraperitoneally. 1)oses 
of malathion near the L1)-,,, produced typical 
symptoms of poisoning by cholinergic organic 
phosphates which began in 15 to 30 minutes 
after injection and resulted in death following 
lethal doses in 1 to 3 hours. Symptoms pro- 
duced by T O T P  consisted of general debility, 
salivation and severe diarrhea hut  i i iortali ty 

was not observed for a t  least 18 hours. Dif- 
ferences in time of occurrence of symptoms 
and death aided in subsequent experiments in 
determining which compound was the poten- 
tiating agent. 

Nyers and Jlendel(8) found that intra- 
muscular injection of 0.1 ml of T O T P  on al- 
ternate days for 5 clays caused 97% inhibi- 
t h n  of aliesterase activity of liver and serum 
of rats. Our initial experiments on the in- 
Iluence of TOTP on toxicity of malathion 
consisted of administration of 3 intramuscu- 
lar doses of 440 mgikg of TOTP on alternate 
days followed by one-half of the LD>(, (550 
nig ’kg ) of malathion given intraperitoneally 
24 hours after last dose of TOTE’. All 3 ani- 
mals given this treatment died within one hour 
after malathion, whereas no mortality oc- 
curred in controls which received either drug 
alone. \\‘hen 3 intramuscular doses of 110 
me 1;q were administered, intraperitoneal ad- 
ministration of 550 mg/kg of malathion 
caused 100% mortality when given 24 hours 
after last dose of TOTP. R’hen dose of 
TOTI’ was reduced to 10 ing/kg, death of all 
5 rats given 550 ing ’kg of malathion occurred. 
The particular solvent used for T O T P  and 
malathion was not an important factor in pro- 
ducing potentiation since TOTI’ ( I  10 mg/kg) 
given in undiluted form or as sesame oil or 
propylene glycol s o h  tions caused 100% mor- 
tality of rats given 550 mg,r,ikg of malathion 24 
hours.later. Then a more extensive study was 
made of the effect of TOTP on susceptibility 
of rats to acute toxic effects of malathion. 
Various routes, doses and dosage schedules 
were used for TOTP. The results are sum- 
marized in Table I. TOTP markedly increases 
susceptibility of rats to malathion. Potentia- 
tion occurred regardless of route of adminis- 
tration of T O T P  which is explainable on the 
basis of subsequent experiments which dem- 
onstrated that T O T P  inhibits detoxification of 
malathion. The greatest increase in suscepti- 
bility was noted when malathion was given 
24 hours after intraperitoneal or cutaneous 
administration of TOTP. The greater toxic- 
ity of malathion to rats given TOTP 24 hours 
earlier as compared with simultaneous admin- 
istration of the 2 agents indicated that rela- 
tive time of administration of the 2 agents is 
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TABLE I. Effect of TOTP on Susceptibility of 
Rats to Malathion. 

,ippros. 

TOTP clos:tge, ndmin. of No. of malathion 
route of admin. malathion animals (mg/kg) 

Time of TAD,," of 

Xo TOTP 
10 iiig/kg, iiitrninuse. 

on alteniate days 

110 ing/kg, cutan., 
single application 

110 mg/kg, iiitrapcr. 
I d e w  

for  5 cl:1;).s 

10 mg/kg, iiitrnper. 

32 1100 
24 lir after 25 125 

last inj. 
of TOTP 

TOTP 
24 hr after 34 12.5 

IdCWl 28 8.2 
Siniultaiie- 22 61 

ously with 
TOTP 

Idem 25 175 
~~ _____ 

* MaIatliiori administered intraper. in all cases. 

an important factor in determining degree of 
potentiation. Deaths usually occurred within 
30 to 60 minutes after administration of mala- 
thion and TOTP, which corresponds with time 
of death of animals treated with large doses 
of malathion alone. No animals treated with 
TOTI' exhibited any untoward effects until 
malathion was administered. These observa- 
tions indicated that the only significant action 
of TOTP was to increase susceptibility of rats 
to malathion. Further evidence in support of 
this idea was obtained by experiments in 
which sequence of administration of mala- 
thion and TOTP was varied. When 110 mg/ 
kg of TOTP were given intraperitoneally to 
5 male rats 24 hours before injection of 550 
mg/kg of malathion, symptoms of malathion 
poisoning developed rapidly and death of all 
animals occurred. In contrast, when mala- 
thion was administered 24 hours before 
TOTE', no symptoms or mortality were ob- 
served. Evidence that the potentiating action 
of TOTP is of long duration was furnished by 
experiments in which 550 mg/kg of malathion 
were given to groups each containing 5 rats a t  
1, 3, 7 and 14 days after single intraperitoneal 
dose of 110 mg/kg of TOTP. One hundred 
% mortality occurred within 1 hour after ad- 
ministration of malathion in all groups. 

Large doses of TOTP are known ( 10) to in- 
hibit cholinesterase. It was, therefore, con- 
sidered advisable to initiate our study of the 
mechanism of increased toxicity resulting f rom 
simultaneous administration of malathion and 

TOTP, by determining whether or not addi- 
tive inhibitory effects by the 2 compounds 
occurred. Cholinesterase measurements on 
brain, submaxillary glands and serum of 3 
rats showed that no inhibition of enzyme ac- 
tivity occurs a t  24 hours after 3 intramuscu- 
lar injections of 110 mg/kg of TOTP or after 
a single cutaneous application of 110 mg/kg 
of TOTP. In another experiment, groups each 
containing 3 male rats were given intraperi- 
toneal injections of 110 mg/kg of TOTP, 150 
mg/kg of malathion or both agents simul- 
taneously. The animals were sacrificed 30 
minutes after treatment and cholinesterase 
assays were performed on brain, submaxillary 
glands and serum. Average cholinesterase ac- 
tivity of tissues from 4 untreated rats which 
served as controls was 100.5 for brain, 24.9 
for submaxillary glands and 7.4 for serum ex- 
pressed in terms of microliters of C02/50 mg 
of tissue/lO minutes. The results of these 
measurements are summarized in Table 11. 
Cholinesterase activity was not appreciably 
affected by doses of malathion or TOTP em- 
ployed when the compounds were given sepa- 
rately. However, simultaneous administra- 
tion of both compounds a t  the same dosage 
levels resulted in marked inhibition of cholin- 
esterase activity of all tissues. 

The existing evidence(5,6) that EYN po- 
tentiates toxicity of malathion by inhibiting 
its detoxification suggested that a similar 
mechanism was responsible for potentiation of 
toxicity observed with TOTP and malathion, 
particularly since TOTP is a strong inhibitor 
of non-specific liver esterases( 8) .  This possi- 
bility was tested by measuring the effect of 
TOTP on enzymatic detoxification of mala- 
thion using the method of Murphy and 

TABLE 11. Effect of Malathion uiid TOTP Sep- 
arately mid in  Combination on Choliiiestertlse Ac 

tivitv of Rat Tissues. 

% of control activity 
Submas- 

Dose illary 
~ o i n p o u ~ i d  (nig/kg) 13raiii gl:uid Seruui 

TOTP 110 100.5 91.2 81.1 
Malathion 150 100.3 97.2 67.6 

40.3 49.8 40.1 TOTP" 110 
Malathion 150 



DuBois( 6 ) .  For this experiment 3 male rats 
were given 110 mg/kg of TOTP intraperi- 
toneally. The animals were sacrificed 30 min- 
utes later and liver and serum were assayed 
for abilit!. to detoxify the oxygen analogue of 
malathion. Assays were conducted on tissues 
of 3 untreated controls fo r  coinparison. Liver 
and serum of TOTI’-treated animals detosi- 
fied an average of 0.45 pg and 0.2 of mala- 
oxon ’mg of tissue 10 minutes respectively ;i4 

compared with 3 p.g for l i iw  and 1.3 f o r  
serum obtained from control animals. The 
results indicate that TOTP increases suscep- 
tibility of rats to nialathion Iiy inhibiting the 
esterases responsillle for it.; detoxification. 

I.isrtmioa. The present investigation dem- 
onst ra tetl that quantities of t riorthotolJ.1 phos- 
phate (TOTP)  . which produce no apparent de- 
leterious effects. niarketlly increase suwepti- 
hility of rats to malathion. Potentiation of 
tosicit!. 1)y siniultaneous administration of 
various pairs of organic phosphates including 
malathion plus EPS and nialathion plus dipte- 
rex (0.0-dimethyl- 1 -h\-drosj~-2.2.2-trichloro- 
ethvlphosphonate) has heen observed by sev- 
eral investigators during past 2 years ( 1-4). 
However. in the past the search for agents ca- 
pable of potentiating tosicity of malathion 
and other organic phosphates has been limited 
to testing pairs of compounds used as insecti- 
cides. The existing evidence indicates ( 5 . 7 )  
that lo1.v maninialian tosicit!. of nialathion is 
higl71y dependent upon rapid hydro]!-tic de- 
toxification of the 1.2-dicarbethosyethyl side 
chains and that EI’S potentiates the tosicity 
of this compound by inhibiting its detoxifica- 
tion. It thus seemed reasonable to assume 
that any chemical agent capable of inhibiting 
hydrolytic detoxification of malathion \vould 
potentiate its tosicity. Tn this connection the 
known ability of TOTP to inhibit non-specific 
esterases( 8) of liver stimulated our interest 
in conducting the present investigation. The 
data obtained during this stud!. demonstrate 
that tosicity of nialathion to rats is markedly 
enhanced 1,. 1)rior or siiiiiiltaneoiis adininis- 
tration of TO‘I’I’ ancl that Imtentiation of tos- 
icity is due to inhibition by TOTP of enzy- 
matic detoxification of malathion. TOTP is 
effective as a. potentiator of toxicity of mala- 
thion when it is adiiiinistrwd I)!, any route 

through which a sufficient amount is absorbed 
to inhibit enzymatic hydrolysis of malathion. 
The degree of potentiation is greater when 
TOTP is given prior to malathion so that in- 
hibition of the detoxifying enzyme is maximal 
before the latter compound is administered. 
Degree of potentiation obtained with TOTP 
and malathion was greater than that observed 
thus far with combinations of any 2 organic 
phosphorus-containing insecticides which have 
been studied, 

It is clear from our results that the scope of 
the problem of potentiation of toxicity of or- 
ganic phosphates extends beyond the possible 
interference by one insecticidal organic phos- 
phate with metabolism of another compound 
having a similar chemical structure and use. 
.4 complete evaluation of the potential health 
hazards which might arise as a result of po- 
tentiation of toxicity of insecticidal organic 
phosphates would require consideration of 
drugs. industrial chemicals, food additives and 
other chemical agents which commonly gain 
entrance to the body. The problem is further 
complicated by the fact that a potentiating 
agent such as T O T P  will inhibit detoxification 
of malathion at dosase levels which produce 
no detectable toxic effects. The use of toxicity 
tests for detection of potentiation by numer- 
ous possible combinations of chemical agents 
which can be ingested simultaneously is not 
possible from a practical standpoint. How- 
ever, extension of our present knowledge of 
the mechanism by which certain compounds 
act as potentiating agents should greatly fa- 
cilitate detection of combinations of insecti- 
cides and other agents which cause potentia- 
tion of toxicity. 

Sunzntary. Toxicity of malathion to male 
rats was markedly increased after treatment 
of animals with TOTP. At 24 hours after der- 
mal application or intraperitoneal administra- 
tion of 110 mg/kg of TOTP the LD,,, of mala- 
thion was reduced from normal value of 1100 
mg’kg to 12 .5  and 8.2 mg/kg respectively. 
The increased susceptibility of rats to mala- 
thion persisted for as long as 14 days after 
treatment with TOTP. When T O T P  was 
given 24 hours after malathion no potentia- 
tion was observed. TOTP inhibited enzymatic 
tletositicxtion o f  nialat  hioii thus providing an 



explanation for its potentiating action. These 
findings indicate that the problem of poten- 
tiation of toxicity of organic phosphate insec- 
ticides extends beyond those agents commonly 
used for insecticidal purposes. 
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Temperature Tolerance and Kinetics of Thermal Inactivation in E .  coli 
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Most studies of thermal inactivation of bac- 
teriophages and of other viruses have indi- 
cated that the reaction is exponential over a 
wide temperature range and follows the first 
order equation n/n, = e-kt ( 1-4) , This paper 
describes the thermal inactivation of an E .  
coZi communior phage in peptone solution : 
under certain conditions, the kinetics of its 
destruction appear to deviate from the above 
relationship. 

Materials and Methods. E .  coli communior 
phage(5) suspended in a peptone solution 
(Difco Bacto-Peptone, l%, NaCl, 0.5%, pH 
7.6) was treated as follows. One ml aliquots 
of undiluted phage and of samples diluted 
1/100 and 1/1000 in peptone solution were 
either dried in vacuo or stored as liquid prepa- 
rations. For the inactivation studies, samples 
were heated in a water bath controlled to 
-t. 0.5"C. The number of particles surviving 
30 minutes a t  a given temperature was de- 
termined. In  addition, estimates were made 

* The author wishes to thank Prof. N. N. Das 
Gupta for his interst and the Nat. Inst. of Sciences of 
India for financial help. He is also indebted to Dr. 
D. E. Goldman, of the Biophysics Division, Naval 
Med. Research Inst., Bethesda, Md., for valuable sug- 
gestions. 

of survivors after varying times at  different 
temperatures. The rate constant, K, was 
calculated from the data. The phage counts 
were made by the Adams technic( 6 ) .  

Results. With the dried samples, a linear 
relationship was found between the logarithm 
of phage destroyed in 30 minutes and the 
temperature and this was independent of the 
initial phage concentration (Fig. la) .  On the 
other hand, the wet preparations behaved dif- 
ferently. The curves for the inactivation 
"rate" (logarithm of phage destroyed/30 
min) plotted against temperature appeared to 
show a sigmoidal shape, (Fig. lb,  lbl ,  lb2) . 
With undiluted phage (Fig. l b )  the change in 
inactivation rate was exponential between 50" 
and 75°C. Above this, there was a signifi- 
cant decrease in rate change/degree centi- 
grade. In  samples diluted 1/100 and 1/1000 
(Fig. lbl  and lbz), the phage was inactivated 
exponentially between 55O-75O.C and 58"-75" 
C respectively; in each case the rate change 
reached a plateau beyond 75°C. 

The kinetics of heat inactivation in wet 
(undiluted) and dry conditions were studied 
by plotting logarithm n/n, (the fraction of 
phage survivors), at any given temperature, 
against time, t, in seconds. In the dry state, 


