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FOREWORD

The work described in this report was authorized under Task
IC6224OlA09709, Prophyla.is and Therapy of Agenc GD (U). The experimental
data are contained in notebook MN-1847. This work was started in April 1964
and completed in May 1965.

In conducting the research described in this report, the investiga-
tors adhered to the "Guide for Laboratory Animal Facilities and Care" as estab-
lished by the Committee on the Guide for Laboratory Animal Resources,
National Academy of Sciences -National Research Council.

Reproduction of this document in whole or in part is prohibited
except with permission of the Commanding Officer, US Army Edgewood Arse-
nal, ATTN: SMUEA-ISTI-T, Edgewood Arsenal, Maryland 21010; however,
Defense Documentation Center is authorized to reproduce the document for
United States Government purposes.
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DIGEST

In this work, the effect of varying concentrations and dosages of
2-pyridine aldoxime methochoride (2-PAMCl) on the aging of cholinesterase
(ChE) phosphonylated by soman in vitro and in vivo in dogs was studied.

The rate of aging of dog red-blood-cell (RBC) ChE inhibited by
somr.n in vitro and in vivo can be markedly diminished by 2-PAMCI, which
reactivates the unaged portion of the inhibited ChE enzyme. Measurements of
brain- and diaphragm-ChE activity in dogs poisoned with soman and treated
with 0. 104 gm/kg of 2-PAMC1 showed that reactivation occurred only in the
latter tissue. The close correlation found between in vitro and in vivo rates of
aging suggests that, in a given species, estimation of the rate of aging of RBC
ChE in vitro following inhibition with an organophosphate could determine the
time during which oxime therapy would be effective in vivo against intoxication
by the same anti-ChE.
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REACTIVATION BY 2-PAMC1 OF INHIBITED ChE
ACTIVITY IN DOGS POISONED WITH PINACOLYL
METHYLPHOSPHONOFLUORIDATE (SOMAN, GD)

I. INTRODUCTION.

When cholinesterase (ChE) enzyme is inactivated by organophos-

phates, it is p ogressively converted to a form that cannot be reactivated by
nucleophilic compounds. 1-3 This conversion has been designated "aging" (loss
of reactivatibility). A study of butyrylcholinesterase (BuChE) inhibited with
diisoprojpyl phosphorofluoridate (DFP) in vitro by Berends and coworkers 4

showed that conversion of the inhibited enzyme to a nonreactivatible state is
accompanied by a parallel loss of one isopropoxy group from the phosphorylated
enzyme. The loss of the alkoxy constituent promotes a negative charge on the
phosphonate bound to ChE, which results in resistance to nucleophilic .ttack by
oximes whose active species is the oximate anion. 5 Later, Loomis and
Salafskyo reported that somran produced an inhibited acetylcholinesterase (AChE)
in vitro that was only slightly reactivated by oximes. In explanation, Fleisher
and Harris 7 demonstrated that the very rapid aging of AChE inhibited by p 3 2 -
soman in vitro was closely correlated with the loss of a pinacolyl group from
the phosphonylated enzyme. Fleisher and Harris 7 also observed that a high
concentration of oxime could reactivate the unaged portion of AChE phospho-
nylated by P 3 2 -soman. This finding led to the present work-to study the effect
of varying concentrations and dosages of 2-PAMCI on the aging of ChE phospw'O-
nylated by soman in vitro and in vivo. The dog was chosen as the experimental
animal because an adequate number of blood samples could be taken conve-
niently at rapid intervals after poisoning with the organophosphate.

H. MATERIALS.

Soman of 95%6 purity was obtained from the Chemical Process Divi-
sion of Edgewood Arsenal.

A standard solution of 2-pyridine aldoxime methochloride,(2-PAMC1)
(obtained from the Aldrich Co., Milwaukee, Wisconsin), was prepared by dis-
solving 2-PAMC1 in a solution of 0. 1 M phosphate-0. 9% NaCl at pH 7. 6 to give
a final oxime concentration of 1.25 X 10 - 1 M. The pH was again adjusted to
7. 6 by the addition of a few drops of NaOH solution.
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I. METHODS AND RESULTS.

A. Aging of Dog RBC ChE After Inhibition With Soman in Vitro.

Eight millilitera of heparinized whole blood were added to 32 ml of
ice-cold 0. 9% NaCl buffered to pH 8.8 with 0.0i 0M borate buffer. The mixture
was incubated with 10 - 7 M soman for 15 min at 0oC. Preliminary experiments
showed that virtually complete inhibition oi ChE with minimal aging occurred
under these conditions. The sample was centrifuged at 2000 rpm for 5 min at
20 C. The supernatant was discarded, and the red blood cells (RBC) were placed
in a bath at 370C; 3 min sufficed to equilibrate the temperature of the RB3C to
the bath temperature. A 0. 3-ml aliquot of packed RBC was immediately trans-
ferred into the standard 2-PAMC1 solution buffered at pH 7. 6 with 0. 1 M phos-
phate buffer so as to minimize aging during reactivation. A second aliquot of
packed RBC was promptly placed in phosphate-buffered 0. 9% NaCl without
2-PAMC1 to serve as an inhibition control. Rapid aging of the remaining RIBC
ChE was immediately started by adjusting the pH to 7. 35 with 4 ml of 0. 05 M
phosphate buffer in 0. 916 NaCl (previously equilibrated to 370C) for each milli-
liter of RBC. Based upon the observation that 10-1 M 2-PAMCI immediately
stopped the aging of soman-inhibited ChE, * 2-ml aliquots of the suspension of
RBC ChE undergoing aging were transferred into equal volumes of 2 X 10-1 M

1Y. 2-PAMC1 solution. The mixtures were incubated for 60 min at 250C, a time
sufficient fi.r maximal reactivation of unaged ChE under these conditions. The
RBC were centrifuged, and the supernatant was discarded. Five additional
cycles of washing with 10 volumes of 0. 9% saline and centrifuging followed, the
supernatant being discarded each time. RBC not treated with soman and incu-
bated with the 2-PAMC1 solution were used as an additional control. The ChE
activity of the dog RBC was measured colorimetrically, as described by
Fleisher and coworkers. 8 The percentage of reactivated ChE was calculated
from the formula suggested by Hobbiger 9 :

ChE activity of ChE activity of
oxime-treated - inhibited controls

% of ChE _ phosphonylated tissue 100
reactivated ChE activity of ChE activity of\ oxime-treated _ hacityo/

oxetre d -inhibited controls
\ controls

* Fleisher, J. H., and Harris, L. W. Unpublished observation.
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From the in vitro data, the logarithms of the percentage of reacti-
vated RBC-ChE activity were plotted as a function of time of aging prior to
transfer into the 2-PAMC1 solution (figure 1). The results are consistent with
first-order kinetics. Additional trials with RBC ChE from seven dogs yielded
similar results. The mean half times for aging were irterpolated from each of
the curves and used to calculate the rate constants shown in table I.

Table I. Aging of Dog RBC-ChE Activity After Inhibition
With Soman in Vitro and in Vivo

Type
of Mean half time Rate constant

study*

rmin rin-1

In vivo 4.54 (3.82 - 5.26I** 0.139 (0.116 - 0.162)

In vitro 5.38 (4.73 - 6.03) 0.130 (0.119 - 0.141)

* Two groups of 8 dogs each were used for the in vitro and in
vivo studies, respectively.

** Confidence limits, 95%, in parentheses.

B. Aging of Dog RBC-ChE Activity After Inhibition With Soman in Vivo.

The rate of aging of RBC ChE phosphonylated by soman in vivo was
studied in eight dogs, who were anesthetized with 30 mg/kg of sodium pento-
barbital and artificially respired. Atropine sulfate, 1 mg/kg, was injected
intramuscularly about 20 to 30 min before the administration of soman. The
left external carotid artery was cannulated to facilitate rapid withdrawal of blood
samples. Before injection of soman, samples of approximately 1.5 ml were
withdrawn and put into 9. 5 ml of heparinized 0. 9% NaC1 buffered at pH 7.6 6with
0. 1 M phosphate buffer or into a separate tube containing the same solution with
sufficient 2-PAMCI to yield a final oxime concentration of 10-1 M as controls.
A 30-Rg/kg dose of soman (approximating a dose of 3 LD50's) was injected
intravenously into earh dog via the jugular vein. Blood samples were then put
into the 2-PAMC1 solttion and, within 10 sec, into phosphate-saline solution
alone for the corresponding inhibition control. The samples were then pro-
cessed as described previously.
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Figure 1. Percentage of Reactivated Dog RBC-CbE Activity as a
Function of Time of Aging After Inhibition With Soman
in Vitro
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The logarithms of the percentage of RBC-ChE activity reactivated
by 2-PAMCI, plotted as a function of the time between the injection of soman
and sampling into the 2-PAMCI solution, followed first-order kinetics. The
mean half times for aging (p = 0. 95) and the corresponding rate constants are
given in taible I.

C. Effect of Varying Concentrations of 2-PAMCI on Dog RBC-ChE
Activity Undergoing Aging After Inhibition With Soman in Vitro.

Heparinized dog blood was inhibited with soman at 00 C in borate-
buffered 0. 9% NaCI at pH 8.8. After centrifugation, the RBC were warmed to
37 0 C, and aliquots were transferred into the standard Z-PAMCI solution or into
phosphate-buffered 0.9% NaCI alone, as described p:eviously. Thebe aliquots
were used as controls. Rapid aging was initiated by lowering the pH to 7. 35.
Then, 2-ml portions of the mixture of RBC and buffer were transferred into the
2-PAMCI solution at 1, 2, and 3 min after the pH adjustment.

At 3. 5 min, sufficient concentrated 2-PAMCI solution at pH 7. 35
was added to the cell preparation undergoing aging to yield the final concentLa-
tions of oxime shown in figure 2. Then, 4-mi portions of the resulting mixture
of 2-PAMC1 and RBC in phosphate-saline were transferred at various time
intervals (up to 1 hr) into an equal volume of 2 X 10-1 M 2-PAMCI to measure
the extent of aging of the RBC ChE at the time of transfer. Samples of heparin-
ized dog blood similarly treated but not inhibited by soman were run concur-
rently. All experimental samples were incubated in the 2-PAMCl solution for
1 hr at 25 0 C, followed by the washing and centrifugation procedures outlined
previously. RBC-ChE activity was measured as described in section III, A.

Representative results, shown in figure 2, indicate that aging of
the RBC-ChE activity inhibited by soman was stopped within a few minutes fol-
lowing the addition of 10X 10 - 3 M and 5 X 10 - 3 M concentrations of 2-PAMCl
with little further aging. A concentration of 1.25 X 10 - 3 M also markedly
diminished the rate of aging, although the amount of ChE activity remained
unaged (that is, reactivatible by the standard 2-PAMCl solution) was less than
half that obtained with 10-2 M 2-PAMC1. Lower concentrations of 2-PAMCl
had little or x, effect on the rate of aging or on the reactivation of inhibited,
but unaged, enzyme activity (figure 2).

D. ChE Activity of RBC and of Diaphragm and Brain Homogenates
of Dogs Given Soman and Treated With 2-PAMCl in Vivo.

The procedures for the preparation of the experimental animals
and blood sampling were the same as those in section III, B. Control blood
samples were put into standard 2-PAMCI solution or the corresponding phos-
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of Aging of Dog RBC-ChE Activity After Inhibition With
Soman in Vitro
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phate-buffered saline; 30 pg/kg of soman was injected, and blood samples were
taken at 1,2, and 3 min to establish the rate of aging. At 3. 5 nin, 2-PAMC1
was injected intravenously via the jugular vein at the following doses (gm/kg):
1 (two dogs), 0. 5 (two dogs', 0.25 (two dogs), 0. 15 (two dogs), 0. 104 (five dogs),
and 0. 086 (two dogs). Blood samples were taken at various time intervals up to
2 hr after the injection of 2-PAMC1. The administration of 0. 104 gm/kg of
2-PAMC1 or more resulted in a marked decrease in the rate of aging of RBC-
ChE activity in those samples put into the 10 -1 M 2-PAMCI solution used for
measuring changes in reactivatibility (figure 3, curve marked with circles). The
RBC-ChE activity remaining in vivo after the dog was poisoned With soman and
injected with 2-PAMCl was estimated from the blood samples put into heparin-
ized phosphate-saline (figure 3, curve marked with triangles). The dogs given
1 and 0. 5 gm/kg of 2-PAMCI died, either during artificial respiration or upon
its termination, as a result of the lethal effects of 2-PAMCl. 10 With doses of
0. 25 to 0. 086 gm/kg, artificial respiration could be stopped after injection of
2-PAMC1.

The injection of 0. 104 gm/kg of 2-PAMC1 following poisoning with
soman ,yielded a mean value of 24. 0% for the RBC-ChE activity at the end of
2 hr for the five dogs given this dose (table II). Terminal samples of brain and
diaphragm were also taken after 2 hr from these dogs. The tissues were
homogenized in 0. 3 M KCI, and the ChE activity was determined as previously
reported. 11

The results given in table II and those obtained from control animals
given a comparable dose of soman but not treated with 2-PAMC1 show that signi-
ficant reactivation is produced in diaphragm muscle as well as in RBC ChE by
2-PAMCI administration under these conditions. The depressed ChE activity
found in brain homogenates from dogs poisoned with soman but not treated with
2-PAMC1 was not elevated by 2-PAMC1 treatment.

IV. DISCUSSION.

Aging of AChE phosphonylated by soman in vitro is minimized by
high concentrations of monoisonitrosoacetone (MINA). 7 The effects of vary-
ing concentrations of MINA or PAM applied to isolated organs poisoned with
soman led Van der Meer and Wolthuis 1 2 to a similar conclusion independently.
However, they stated that "it seems unlikely that the aging rate of a given com-
pound can be -ubstantially affected in the body. " Our data permit a different
conclusion because a marked diminution in the rate of aging of ChE phospho-
nylated by soman in vitro (figure 2) and in vivo (figure 3) occurred following
2-PAMC1 administration. Such a decrease in the rate of aging following poison-
ing by an organophosphorus anti-ChE and treatment with 2-PAMC1 would con-
tribute to effective therapy because the main effect of oximes, the reactivation

13
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of phosphorylated ChE, is limited by the transformation of the enzyme to a

nonreactivatible form. In this connection, 2-PAMCl was found to be consider-

ably more potent than MINA in decreasing the rate of aging. *

Table I1. ChE Activity 2/ of RBC and of Diaphragm and Brain

Homogenates of Dogs Poisoned With Soman

Amount of acetylcholine hydrolyzed

Tissue Dogs poisoned Dogs poisoned with ChE
Control dogs Do soman/ and treated reactivated

with soman_/ with 2-PAMCl

Rmoles %

RBC 2. 62 0.17 0.04 ±0.04 0.63 ±0.18 24.0

Diaphragm 0.90 ±0.10 0.04 ±0.02 0.32 ±0.14 35.6

Brain 1.85 ±0.17 J0.10 ±0.07 0.02± 0.02 0

±/ The values are based upon five control dogs, four dogs poisoned with
soman, and five dogs poisoned with soman and treated with 0. 104 gm/kg
of Z-PAMCI.

b/ Soman, 30 Rg/kg, was injected intravenously.

/ Standard deviation.

The ChE activity of dog RBC inhibited by soman in vivo undergoes
rapid aging at a rate not significantly different from that in vitro (table I). The
similarity of in vitro and in vivo rates of aging was previously reported for
chicken-brain ChE inhibited with either 2, 2-dichlorovinyl dimethyl phosphate
(DDVP) or S-(1, 2-dicarbethoxyethyl)-O, O-dimethyldithiophosphate (malathion)1 3

and for sheep RBC ChE and rat-brain ChE inhibited with isopropyl methylphos-
phonofluoridate (sarin), tetraethyl pyrophosphate (TEPP), DFP, and dimethoxy-
p-nitrophenoxy phosphine oxide (DMNP) by Blaber and Creasy. 14

Furthermore, the depressed ChE activities of the RBC and dia-
phragm homogenates of dogs poisoned with a single injection of soman were
restored to roughly comparable levels by treatment with 2-PAMC! in vivo
(table II). This finding suggests that the aging of phosphonylated RBC ChE and
diaphragm G.E was approximately equal in rate and in susceptibility to antago-

* Harris, L. W., and Fleisher, J. H. Unpublished observation.
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nism by 2-PAMCl. These results and the close correlation between the in vivo

and in vitro rates of aging cited above suggest that, in a given species, estima-
tion of the rate of aging of RBC-ChE activity in vitro following inhibition with
an organophosphate could determine the time during which oxime therapy would
be effective in vivo against intoxication by the same anti-ChE.

Assuming that our results obtained in vitro and in vivo in dogs

(tables I and II) are applicable to man, * and when the normal values for RBC-
ChE activity are available, the reactivatibility of the ChE in peripheral tissues
following a single exposure to an organophosphorus anti-ChE may be roughly
approximated from the effect of 2-PAMCI on the inhibited RBC-ChE activity.
To obtain this information, a sample of RBC from the exposed individual can
be incubated with Z-PAMC1 under the conditions described in this report.

When acute exposure to an anti-ChE that yields a rapidly aging
phosphorylated ChE is not followed by prompt therapy with Z-PAMC1 (in addi-
tion to atropine and other appropriate measuresl5), subsequent treatment with
2-PAMC would probably be of little help. Intravenous injections of high doses
of 2-PAMC 1, in an effort to restore ChE activity when aging of the inhibited
enzyme has gone almost to completion, could be disadvantageous to the poi-
soned individual because of the detrimental side effects of overdosage. 1 0 , 16,17

No effect on the inhibited brain-ChE activity of dogs poisoned with
soman was demonstrable after 2-PAMCI treatment in vivo despite the reactiva-
tion by this oxime of RBC-ChE and diaphragm-muscle-ChE activity (table II).
This finding is in agreement with earlier observations of the failure of
2-PAMCl to restore the Ch.' activity of the brain after it was poisoned with
other organophosphatesl8- 2 0 and is consistent with the inability of 2-PAMC1
administration to reverse the central neural effects of organophosphorus
anti-ChE poisoning. 21, 22

V. CONCLUSIONS.

The rate of aging of dog RBC ChE inhibited by soman in vitro and
in vivo can be markedly diminished by 2-PAMC1, which reactivates the unaged
portion of the inhibited ChE enzyme. Measurements of brain- and diaphragm-
ChE activity in dogs poisoned with soman and treated with 0. 104 gm/kg of

- Because the LD50 of 2-PAMCl in man is unknown, it should be cautioned
that the dose of 0. 104 gm/kg, which is in excess of 50% of the LD50 in
unanesthetized dogs (Crook, J. W., and Cresthull, P. CWLR 2284. The Intra-
venous Toxicity of Five Oximes in Dogs. 1959. UNCLASSIFIED Report.),
is in no way recommended in cases of human poisoning by anti-ChE's.
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2-PAMCl showed that reactivation occurred only in the latter tissue. The

close correlation found between in vitro and in vivo rates of aging suggests
that, in a given species, estimation of the rate of aging of RBC ChE in vitro
following inhibition with an organophosphate could determine the time during
which oxime therapy would be effective in vivo against intoxication by the

same anti-ChE.
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(U) In this work, he effect of varying cao. entrations and dosages of 2-pyridine
aldoxime rnethochf-oride (' -PAMCI) on the aging of cholincsterase (ChE) phospho-
nylated by son-an in vitro and in vivo in dogs was studied. The rate of aging of
dog red-blood-cell (RBC) ChE inhibited by soman in vitro and in vivo can be
markedly diminished by 2-PAMCI, which reactivates the unaged portion of the
inhibited ChE enzyme. Measurements of brain- and diaphragm-ChE activity in

dogs poison~ed wiVth sornan and treated with 0. 104 gm/kg of 2-PAMOI showed that
reactivation occurred only in the latter tissue. The close correlation found
between in vitro and in vivo rate3 of aging suggests that, in a given species, esti-
mation of the rate of aging of RBC ChE in vitro following inhibition with an organo-

phosphate could determine the tirme during which oxime therapy would be effective
* in vivo against intoxication by the same anti. ChE.
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