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Blood Cholinesterase Inhibition as an Index of Exposure
to Insecticidal Carbamates

by F. P. W. WINTERINGHAM, Biochemistry Department,
Agricultural Research Council-Pest Infestation Laboratory, Slough, Bucks, England

Insecticidal carbamates behave as reversible
inhibitors of acetylcholinesterase (ChE) as a result of
rapidly achieving a steady state of carbamylation of
the enzyme and of hydrolytic regeneration of the
free enzyme and carbamate decomposition products.
The inhibitor is usually present in such molar excess
that its concentration appears to remain constant.
Dilution of tissue samples and addition of substrate
for ChE measurements tend, therefore, to reverse the
inhibition it is sought to measure. a, b That carba-
mate inhibition can be seriously underestimated by
one conventional method of assay as a result of
these effects has been confirmed experimentally.c
Many published data on ChE inhibition by insecti-
cidal carbamates as an index of exposure or toxicity
are vitiated either by the neglect of substrate and
dilution effects or by the fact that inhibition was
estimated under conditions in which it was likely to
have been largely reversed (e.g., Vandekar d). The
toxicological implications of the reversible beha-
viour of insecticidal carbamates have tended to
become obscured by the controversial nature of the
mechanism of ChE inhibition itself. This note is
designed to clarify the situation for those concerned
with the use of ChE inhibition as an index of acci-
dental or occupational carbamate exposure.

Inhibition of ChE by a carbamate may be repre-
sented by the reactions:

K1 K,
Enz + I -Enz. b---oEnz + P (1)(H20)

where K1 is the bimolecular carbamylation rate
constant for the reaction between free enzyme (Enz)
and inhibitor (1) to give a carbamylated enzyme
(Enz.I) and K2 is the unimolecular rate constant for
the hydrolytic regeneration of free enzyme and
carbamate decomposition products (P). Usually the
concentration of P remains small compared with the

a Winteringham, F. P. W. & Disney, R. W. (1964)
Biochem. J., 91, 506.

b Winteringham, F. P. W. & Fowler, K. S. (1966) Biochem.
J., 101, 127.

c Disney, R. W. (1966) Biochem. Pharmacol., 15, 361.
d Vandekar, M. (1965) Bull. Wid Hlth Org., 33, 107.

concentration (i) of I so that i can be assumed to
remain constant. Under conditions of effective
equilibrium (steady state) between erythrocyte
cholinesterase, inhibitor, and substrate (acetyl-
choline; concentration x) added for estimating
enzyme activity, it can be shown that:
v'/v = [Km +X+X2IK8] / [Km (1 +iK1K2) x+x2IK,] (2)
where v' and v respectively represent inhibited and
uninhibited enzymic substrate hydrolysis rates. The
constants Km and K8 are respectively the Michaelis
constant and the dissociation constant for the further
reversible reaction between substrate and normal
enzyme-substrate complex. The value of i at the
time of measurement will, of course, vary inversely
with the effective dilution of the inhibited sample
for the purpose of measurement. If inhibition were
due to reversible complex formation in the classical
sense, the ratio K2/K1 is simply replaced by the
dissociation constant of the enzyme-carbamate
complex but the general form of the equation remains
unchanged.a The validity of this equation and its
time-function derivatives has been confirmed experi-
mentally.b The constants K1 and K2 have been
evaluated for water-soluble and insecticidal carba-
mates.b, e, f The values are such that times of the
order of 30 minutes or more are required for effective
equilibrium to be achieved with the substrate after
its addition so that if v' is estimated very rapidly
(within a few minutes) after adding the substrate
the error due to the substrate addition can be made
very small or negligible. Alternatively x can be
made very small by adding very low initial con-
centrations of substrate. When x can be neglected
equation (2) takes the form:

v'/v = 1/(1 + iKJ1K2) (3)
The effects of dilution are difficult to avoid in

toxicological practice since i becomes reduced the
moment the blood or tissue sample is diluted or
homogenized in buffer and the inhibition will change

e Reiner, E. & Simeon-Rudolf, V. (1966) Biochem. J.,
98, 501.

f Wilson, 1. B., Harrison, M. A. & Ginsburg, S. (1961)
J. biol. Chem., 236, 1498.
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RELATION BETWEEN ESTIMATED CHOLINESTERASE INHIBITION AFTER DILUTION AND EQUILIBRATION
AND THAT CALCULATED TO OBTAIN IN VIVO AS A RESULT OF CARBAMATE EXPOSURE

10-fold dilution a 50-fold dilution 100-fold dilution

% Inhibition % Inhibition % Inhibition % Inhibition % Inhibition % Inhibition
estimated with in undiluted estimated with In undiluted estimated with in undiluted
diluted sample tissue diluted sample tissue diluted sample tissue

5 35 5 73 5 84

10 53 I 10 85 10 92

30 81 30 90 30 98

50 91 50 98 50 99

70 96 70 99 70 100

90 99 90 100 90 100

a Effective dilution used In radiometric method of Winteringham & Disney (1964) Lab. Pract., 13, 739.

until a new effective equilibrium between enzyme and
inhibitor becomes established. Provided dilution is
not so great (see below) as to reduce the level of
inhibition below that of reliable estimation it is best
to allow sufficient time (e.g., 2 hours) for a new
state of equilibrium to become established. Measured
inhibition will then be independent of time after
dilution and a reliable correction can be applied.
In the absence of substrate effects it follows from
equation (3) that if vo'/v. represents actual inhibition
in vivo and vi'/v- that observed after a z-fold dilution
of the tissue or blood sample;

v0'/v0 = I/[1 + z(vz/vz'- 1) (4)
This equation enables a simple but important

correction for dilution effects to be made when
estimating carbamate inhibition in vivo from that
observed with diluted tissue samples. Thus, if 10%
inhibition (vz'/vz = 0.9) of ChE were found in the
absence of substrate effects after a typical 100-fold
dilution and equilibration of the original blood
sample, actual inhibition in vivo would be expected
to be 92%. Typical equilibrium effects of dilution
on the relationship between estimated percentage
inhibition by insecticidal carbamates and that
calculated to have obtained in vivo before dilution
are given in the accompanying table.
A radiometric method for estimating ChE

inhibition under field conditions has been described.y

g Winteringham, F. P. W. & Disney, R. W. (I964)
Lab. Pract., 13, 739.

In this method substrate effects are eliminated by the
rapidity of the assay (20-second incubation with
substrate) and the use of a very low initial substrate
concentration (5 x 10-5M). Dilution is also mini-
mized as far is practicable (approximately 10-fold)
but the results in the table show that even this
dilution may result in a significant reversal of the
inhibition likely to have obtained originally in vivo.
However, the radiometric method does allow assays
of individual blood samples to be completed within a
possible 120 seconds after dilution. This is fast
enough to render both substrate and dilution effects
negligible and obviates the need for any form of
correction. Long-term storage of undiluted blood
samples tends to introduce other errors as a result of
enzymatic destruction of the inhibitor.

These considerations, and the experimental data
on which they are based,a. b emphasize the great
importance of taking substrate and dilution effects
into account when using blood ChE inhibition as an
index of animal exposure to insecticidal carbamates.

Reiner & Simeon-Rudolfe have indicated that
carbamate inhibition was independent of the sub-
strate concentration used for assay and of dilution
of the inhibited enzyme. However, these workers
allowed no time for equilibration after dilution or
substrate addition, since they were investigating the
possible formation of a physical enzyme-carbamate
complex. Their findings in no way minimize the
importance of taking substrate and dilution effects
into account as explained above.


