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A Radiometric Method for Estimating
Blood Cholinesterase in the Field*

F. P. W. WINTERINGHAM 1 & R. W. DISNEY 2

A radiometric method has been developed which provides for the simple and rapid
measurement of human blood cholinesterase under field conditions. The method involves
minimal dilution ofsamples and the use of very low substrate concentrations, and is therefore
more sensitive to cholinesterase inhibition by reversible anticholinesterases such as carba-
mates than the conventional manometric or ApH methods. A 20-,4ul sample of haemolysed
whole blood is mixed with 14C-labelled acetylcholine on a cavity microscope slide. After
half a minute or three minutes the mixture is acidified and dried. Under these conditions
radioactive acetate liberated enzymically is completely volatile while the radioactive
unhydrolysed substrate is not. The loss of radioactivity on acidification and drying is
therefore a direct measure of the acetylcholinesterase activity. The levels of radioactivity
employed are far below those likely to present any significant health hazard or to require
special laboratory conditions. Although the method requires a labelled substrate, a single
preparation is sufficient for several hundred thousand enzyme assays. The method has been
tested under simulatedfield conditions.

The increasing use of anticholinesterase insecti-
cides such as organophosphates and carbamates
against pests of agriculture and vectors of disease has
emphasized the need for effective methods of detect-
ing exposure in man. The estimation of blood
cholinesterase activity provides a very valuable
index of exposure to organophosphorus compounds
because " it is possible to have depression of activity
in the complete absence of symptoms" (WHO
Expert Committee on Insecticides, 1962). Carba-
mates, on the other hand, are relatively reversible
and competitive inhibitors of cholinesterase; the
evidence for this has recently been summarized by
Casida (1963). Dilution of the sample and addition
of the normal enzyme substrate, therefore, tend to
reverse the very inhibition it is sought to detect. Un-
fortunately in order to achieve sufficient sensitivity
the conventional manometric and JpH methods
normally employed for measuring cholinesterase
activity usually involve dilution of the enzyme
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(50-100-fold) and the use of relatively high concen-
trations (0.01 M) of substrate (Augustinsson, 1957).
A radiometric method for the microdetermination

of cholinesterase activity has been developed (Winter-
ingham & Disney, 1962) which largely overcomes
these disadvantages. This has been modified in
order to provide a simple, rapid and reasonably
accurate method suitable for the routine assay of
human blood cholinesterase in the field. A detailed
description of the method is presented below.
Experiments with a typical insecticidal carbamate
(Bayer 39007; o-isopropoxyphenyl-N-methyl carba-
mate) showed that the method is a more reliable
indicator than conventional methods of carbamate
inhibition obtaining in vivo. Moreover, significant
inhibition might occur in vivo which would escape
detection by the conventional techniques for blood
cholinesterase. Although reversible cholinesterase
inhibition is more difficult to detect, recovery from
poisoning is likely to be more rapid since removal of
excess of inhibitor in vivo by detoxication or elimina-
tion is likely to be accompanied by a spontaneous
release of the free enzyme. Other things being equal,
carbamates would therefore be expected to be less
hazardous than organophosphates when used as
insecticides on account of the reversible nature of
their biochemical lesion.

1384 - 119-



F. P. W. WINTERINGHAM & R. W. DISNEY

PRINCIPLE OF THE METHOD

A 20-,ul sample of haemolysed and buffered whole
blood and 1-14C acetylcholine are mixed and in-
cubated for 0.5 or 3 minutes (see below) on a micro-
scope slide. Radioactive substrate is hydrolysed
enzymically as follows:
(CH3)3N+.CH2.CH20 04C.CHS + H20 -

(Acetylcholine)
(CH3)3N+.CH2.CH20H + CH3.14COOH

(Acetic acid)
After incubation the mixture is acidified and enzyme

activity halted by the addition of acid containing an

excess of inhibitor. The mixture is then allowed to
dry and counted for carbon-14 activity under a thin
end-window Geiger-Muller tube in the conventional
way, geometry being carefully standardized. Under
these conditions radioactivity due to the free acetate
is completely volatile while that of the unhydrolysed
acetylcholine is not. Control assays in which the
cholinesterase is completely inhibited by 104M
eserine are made simultaneously. The difference in
counting rates between enzyme-active and control
slides is thus a direct measure of cholinesterase
activity.

APPARATUS

Glassware, etc.

All-glass or plastic-stoppered sample tubes of
2-5 ml capacity.

All-glass, piston-operated, 20-/tl safety pipette
with fine tip (e.g., Exelo as supplied by Laboratory
Glassblowers Co. Ltd., High Wycombe, Bucks.,
England).

All-glass, piston-operated, l-ml, graduated safety
pipette with fine tip (as above).
Agla micrometer syringe with two sets of glass

barrels, plungers etc. (Burroughs-Wellcome and Co.
Ltd. London).
No. 27 British Standard Wire Gauge (0.417 mm)

half-inch, blunt-taper hypodermic needles with Luer
fittings.

Microscope slides (3 inches x l-inch) with 15-mm
cavities of uniform quality.

Small glass rods tapering off to approximately
1 mm in diameter.

Petri dishes (9 cm).
Whatman No. 1 filter circles (9 cm).
Stop-watch.
Thermometer (0°C-50°C).
Miscellaneous reagent bottles, glassware, etc.
Polythene " squeeze-type " wash bottles
All glassware must be clean, dry and grease-free.

Portable fl-counter
A portable, battery-operated, thin end-window

Geiger-Muller tube, and Dekatron scaler assembly
with built-in provision for automatic time or manual
count control are required. The counter should be
sensitive to not less than 5% of the carbon-14
disintegration rate in samples deposited on cavity
microscope slides immediately below the Geiger-
Muller tube window and at a sample density not
exceeding 1mg/cm2. Geiger-Muller tubes should be
selected with minimal background counting rates
which should not in any case exceed 45 counts per
minute without screening. The Geiger-Muller tube
should be firmly clamped above a heavy base pro-
vided with a shallow slot so that microscope slides
can easily be pushed into a fixed position immediately
below the end-window of the tube. The distance be-
tween end-window and slide cavity should not
exceed 2-3 mm. The counter assembly used for the
experiments described in this paper consisted of a
N 110 portable scaler supplied by Dynatron Ltd.,
Maidenhead, England, coupled with a Mullard type
MX 108 Geiger-Muller tube.

REAGENTS

Radioactive substrate
The synthesis of 1-14C acetylcholine on the basis of

a simple isotope exchange reaction has been des-
cribed elsewhere (Winteringham & Disney, 1962).
To facilitate distribution and storage, the 14C sub-
strate can be deposited on squares of Whatman No. 1
paper in empty, dry, 10-ml plastic-stoppered vials.
Each square carries exactly 4 ,umoles of labelled
substrate so that on adding 10.0 ml of distilled water
and shaking, a 0.0004M solution is obtained which is
immediately suitable for field use and sufficient for
approximately 2000 enzyme assays. Vials of papers
should be stored in a cool, dry place. Vials of solu-
tion should be similarly stored, preferably in a
refrigerator.

Enzyme buffer
This is a modification of the red-cell buffer des-

cribed by Michel (1949) and made up as follows:
Sodium barbital . . . 2.062g (0.01 M)
KH2PO4 . . . . . . . 0.272g (0.002M)
KCl . . . . . . . . 22.365g (0.30M)
Saponin . . . . . . . 0.500g (0.05 %)
NaCl . . . . . . . . 9.000g (0.9% or 0.154M)
Distilled water . . . . 950 ml.
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Sufficient 0.1N-HCl (about 20 ml of a solution pre-
pared by diluting 0.9 ml of the concentrated acid to
100 ml with water) is admixed to bring the pH to
8.00. The total volume is finally adjusted to 1000 ml
by the addition of distilled water and 0.1 ml of
toluene as preservative.

Reference buffer
Exactly as above but in addition:
Eserine sulfate . . . . 0.065g (1 x 10"M).

Heparin solution
Heparin (sodium salt) 0.100g (equivalent to

not less than
10 000 IU)
diluted to I00ml
with 0.9% aque-
ous saline).

Acid inhibitor solution
Distilled water .

Acetone (analytical reag-
ent grade).

Teepol wetting agent
Eserine sulfate .

Gentian violet .
Concentrated hydro-

chloric acid .

50 ml

17.5 ml
0.25 ml
0.032g
0.25g

11.25 ml.
The total volume is finally adjusted to 100 ml with

distilled water. Admixture of this solution with four
times its own volume of enzyme solution is designed
rapidly to halt all cholinesterase activity and to sup-
press ionization of acetate liberated enzymically
without significant hydrolysis of the unchanged sub-
strate during subsequent drying. The dye facilitates
visualization of the geometrical uniformity of
samples dried on the microscope slides (see below).
The acetone and wetting agent ensure rapid mixing
and even spreading of the sample for ,-counting.

Storage
Conditions of storage should be cool and dark,

preferably refrigerated. The risk of contamination
of the enzyme buffer and labelled substrate by
reagents or apparatus containing inhibitors must be
kept to an absolute minimum.

PROCEDURE

Radioactivity precautions

The radioactivities employed by this technique are

well below those likely to present any health hazard

or to require any special laboratory conditions
(Great Britain, Standing Advisory Committee . . ..
1957). However, care must be taken to work cleanly
and to avoid any contact between skin and radio-
active solutions. Accidental spills of radioactive
material should be swabbed immediately with ab-
sorbent wool held in tongs and the area wiped with a
strong solution of sodium carbonate. All washings,
swabs, etc. may be discarded through the usual
channels.

Preparation of slides
Exactly 10.0 ml of glass-distilled water are added

to a vial containing the 14C substrate on paper, the
cap is replaced and the contents gently swirled.
Violent shaking must be avoided otherwise the paper
may disintegrate and subsequently block the Agla
syringe. An Agla syringe is charged with the radio-
active solution, care being taken to eliminate air
bubbles from the needle before dispensing. Exactly
5.00 ,ul of substrate solution are touched from the
needle on to the centre of each microscope slide, and
the slide is allowed to dry. Under humid conditions
it may be necessary to dry the slides in warm air
(e.g., by means of a hair dryer) and to store them in a
desiccator until required. They should be numbered
with a wax pencil. Prepared slides should be used
within a few days unless a count of the acidified and
dried deposits indicates a decomposition of less than
10% of the deposited acetylcholine. Preparation of
the slides should be confined to an enamel tray or
sheet of heavy paper to preclude accidental con-
tamination of bench surfaces by radioactive material.

Sampling
Exactly 20 ,ul of fresh whole blood are taken up in a

heparinized pipette (prepared by rinsing in hepari-
nized saline) drawn from a clean, dry fingertip or ear
lobe, and added to 0.98 ml (dilute sample) or to
0.08 ml (concentr ated sample) of enzyme buffer con-
tained in a numbered sample tube and mixed.
Not less than one hour must be allowed for haemo-
lysis at room temperature. Sample tubes should
then be stored in ice unless assays can be completed
within 2-3 hours. At least one pair of samples (20 Iul)
should similarly be diluted with the reference buffer.

Incubation: concentrated samples
The stop-watch is started, room temperature

noted, and exactly 20 ,ul of the sample rapidly added
to the centre of a prepared slide at a convenient stop-
watch indication and mixed with a fine glass rod.
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Mixing should be completed rapidly by gently
rocking the slide by hand. After exactly 30 seconds
a 5-,ul drop of acid inhibitor solution is touched from
the needle of a charged Agla syringe and the mixture
immediately stirred and spread as evenly as possible
over the 15-mm cavity with the fine glass rod. The
slide is then dried in a draught of warm air under
well-ventilated conditions. Slides are stored in a
cool place (a desiccator may be required in humid
conditions) until ready for counting (see below).
At least two reference slides should be incubated
under identical conditions using samples prepared
with the reference buffer.

Incubation: diluted samples
This is done exactly as above except that the

mixtures are incubated for exactly 3 minutes before
acidification, etc., and the slides are placed inside a
Petri dish containing a wet Whatman filter circle to
prevent drying during incubation. This may be un-
necessary in high humidities. All assays should be
conducted in duplicate.

Counting
Slides are mounted as already indicated, and the

net counting rate is determined in the usual way.
The background counting rate should be determined
before and after a series of assays and the mean sub-
tracted from all gross counting rates. At least one
pair of suitable reference slides should be counted on
the same day. Corrections for paralysis are un-
necessary because of the relatively low counting
rates. Net counting rates of reference slides should
be of the order of 150 counts per minute (c.p.m.). It
has been found convenient to time total counts of
1000 to the nearest second and this has the advantage
of statistical uniformity.

Calculation of results
Let a c.p.m. be the mean net counting rate for the

reference slides, let x c.p.m. be the net counting rate
for the test slide after incubation for t hours (t =
0.0083 for concentrated samples or 0.050 for diluted
samples). The apparent rate of acetylcholine hydro-
lysis will be given by the equation,

a-x
Vt = l0.a.t (1)

where vt will be measured in p,M acetylcholine/hour/
ml of buffered sample at the room temperature
recorded. It has been shown (Winteringham &
Disney, to be published) that the enzymic hydrolysis

of acetylcholine at low substrate concentrations (less
than 0.001M) by whole blood is exactly defined by
the equation,

Vt
v loge (x/a) (2)

(x/a - 1) 2
where v. is the true initial rate of hydrolysis and vt the
apparent rate of hydrolysis obtained by equation (1),
x/a being the fraction of substrate remaining after
time t. Thus, all apparent rates, vt, must be multiplied
by the factor:

1
(x/a - 1) * loge (x/a)

in order to obtain the true initial enzyme activity at
0.0001M substrate and to allow for the exponential
nature of the substrate concentration-time curve.
The correction factor has been evaluated for different
values of x/a in Table 1.

rypical rates of hydrolysis at 0.0001M substrate
have been found to be of the order of 14 ,uM/hour/ml
of concentrated sample of fresh haemolysed whole
blood and 1.4 ,uM/hour/ml of diluted blood respec-
tively at 25°C-i.e., 70 ,uM/hour/ml of undiluted
whole blood. The use of concentrated samples will
provide the more sensitive indication of carbamate
inhibition in vivo (see below) while the use of diluted
samples will provide the more accurate estimate of
total cholinesterase activity on account of the longer
incubation time. It has not been found practicable to
use entirely undiluted human blood samples on
account of the very short incubation time (6 seconds)
required and the associated errors.

DISCUSSION

Reproducibility
A series of cholinesterase determinations exactly as

described above, including the use of a portable
fl-counter, with diluted samples from one of authors
gave a mean activity equivalent to 53 ,uM acetyl-
choline per hour per ml of undiluted whole blood
with a coefficient of variation of ± 8.3% about the
mean. Total counts of 1000 were recorded in in-
dividual assays. If assays were conducted in duplicate
and the means of pairs taken as recommended, the
coefficient of variation expected under practical con-
ditions would be ± 6%.

Carbamate inhibition
In experiments to be described elsewhere (Winter-

ingham & Disney, to be published) the acetyl-
cholinesterase-activity/substrate-concentration rela-
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TABLE 1

TABLE OF CORRECTION FACTOR 1 1°e (xla) FOR VALUES OF x/a FROM 0 TO 1.0 IN INTERVALS OF 0.01

x/a 0 0.01 1 0.02 0.03 [ 0.04 f 0.05 0.06 J 0.07 ] 0.08 [ 0.09

0.0 3.992 3.153

0.1 2.558 2.480 2.409 2.345 2.286 2.232 2.182 2.135 2.091 2.050

0.2 2.012 1.976 1.941 1.909 1.878 1.848 1.820 1.794 1.768 1.744

0.3 1.720 1.697 1.676 1.655 1.635 1.615 1.596 1.578 1.561 1.544

0.4 1.527 1.511 1.496 1.481 1.466 1.452 1.438 1.425 1.412 1.399

0.5 1.386 1.374 1.362 1.351 1.340 1.328 1.318 1.307 1.297 1.287

0.6 1.277 1.267 1.258 1.249 1.240 1.231 1.222 1.214 1.205 1.197

0.7 1.189 1.181 1.173 1.166 1.158 1.151 1.143 1.137 1.129 1.122

0.8 1.116 1.109 1.103 1.096 1.090 1.083 1.077 1.072 1.065 1.059

0.9 1.054 1.048 1.043 1.037 1.031 1.026 1.020 1.017 1.010 1.010

1.0 1.000

tionship of whole blood haemolysates over a wide
range of substrate concentrations is in close agree-
ment with that obtained on the basis of the
Michaelis & Menten theory (1913) as modified by
Haldane (1930) to take into account inhibition
by excess substrate. This relationship is defined by
the equation,

v = V.xI(Km + x + x2/KK) (3)
where v is the substrate hydrolysis rate at an initial
substrate concentration x, V is the maximal theo-
retical hydrolysis rate in the absence of substrate in-
hibition, Km is the Michaelis constant and K. is the
dissociation constant for the reaction between normal
enzyme-substrate complex and free substrate. It may
be shown that in the presence of a concentration i of
free reversible inhibitor the inhibited substrate
hydrolysis rate v' is given by the equation,

I/V Km + x + X2/K8
Km(l + i/Ki) + X + x2/Ks (4)

where K, is the dissociation constant for the rever-

sible reaction between free enzyme and inhibitor.
The wide range of substrate concentrations employed
in the radiometric technique has made it possible to
evaluate the effective constants, Km, K. and Ki for
human whole blood in the presence of the carbamate
o-isopropoxyphenyl-N-methyl carbamate added in
vitro. The observed experimental values of v'/v
found in the presence of 10-6M-carbamate and those

obtained theoretically on the basis of equation (4)
for different initial substrate concentrations are com-

pared in Table 2. The results of a similar study of
the effects of dilution of the sample are compared in
Table 3. Itwill be seen thattheeffects of increasingsub-
strateconcentration and of dilution of the samplewere
found to be less than those predicted theoretically.

TABLE 2

OBSERVED AND CALCULATED RATIOS OF
INHIBITED/UNINHIBITED ACETYLCHOLINESTERASE

ACTIVITY (v'Iv) AT DIFFERENT SUBSTRATE
CONCENTRATIONS IN THE PRESENCE OF 10^M
O-ISOPROPOXYPHENYL-N-METHYL CARBAMATE a

concentration be v'Iv calculated v'Iv observed

0 0.31 -

0.0001 M (0.34) 0.34

0.001 M 0.57 0.37

0.0100M 0.97 0.88

0.0150M 0.99 -

a Whole blood (1 part of blood in 50 of haemolysed solution)
Incubated for 60 minutes at 25°C before adding substrate.

b Concentration of 0.0001M is employed in the radiometric
method described in the present paper. Concentrations of 0.01
and 0.015 are employed in the method of Michel (1949).
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TABLE 3

OBSERVED AND CALCULATED EFFECTS OF SAMPLE DILUTION ON THE RATIO OF
INHIBITED/UNINHIBITED ACETYLCHOLINESTERASE ACTIVITY (v'/v) AT CONSTANT

INITIAL SUBSTRATE CONCENTRATIONS (0.0001 M) a

v'lv observed v'Iv observed 2 hours
Treatment of blood sample v'/v 15 minutes after 1 hour's and 15 minutes aftercalculated pre-incubation with pre-incubation with

inhibitor inhibitor

Whole blood, undiluted 0.06

Whole blood, diluted 10-fold 0.37 0.30 0.27

Whole blood, diluted 100-fold 0.85 0.48 0.71

a Whole blood (1 part of blood in 10 of haemolysed solution) pre-incubated for 60 minutes
at 25'C in vitro in the presence of 10-M o-isopropoxyphenyl-N-methyl carbamate before dilution
and assay.

In the case of the dilution experiments, however,
(Table 3) it will be seen that the effect of dilution was
nearer the theoretical value with the greater time
allowed for equilibration. The discrepancies between
observed and theoretical values are almost certainly
due to the fact that some carbamates are not entirely
reversible and competitive in their action as a result
of carbamylation of the enzyme itself (Wilson,
Harrison & Ginsburg, 1961). The effects of in-
creasing substrate concentration in decreasing the
apparent cholinesterase inhibition as found above

have also been demonstrated in experiments with
adult houseflies and rabbits exposed to carbamate
in vivo (Winteringham & Disney, to be published).

CONCLUSION

Experimental and theoretical data emphasize the
importance of employing minimal substrate con-
centrations and minimal dilution of blood when
estimating the depression of human blood acetyl-
cholinesterase activity as a result of carbamate
exposure in vivo.
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RIESUMI2

L'emploi croissant d'insecticides anticholinesterasiques
tels que les organophosphores et les carbamates a rendu
plus imperieuse la n6cessit6 d'une methode permettant
de deceler rapidement le danger d'intoxication chez les
personnes en contact avec ces produits. L'evaluation des
cholinest6rases sanguines donne un indice du risque
encouru, car il est possible que la diminution de l'activite
cholinesterasique soit asymptomatique.
- Afin d'eviter les inconvenients des methodes manom&
trikues actuellement en usage, une technique radiome-
trique de microdetermination des cholinesterases est pro-
pos6e, qui peut etre rapidement appliqu6e sur le terrain.
Elle est fondee sur le melange de tres petites quantites

(20 uiml) de sang entier hemolys6 avec de l'acetylcholine
marquee par 14C; ce melange est ensuite acidifie et laisse
a secher. Dans ces conditions, l'acetate radioactif mis
en liberte par voie enzymatique est volatil, tandis que
le substrat radioactif non hydrolyse ne l'est pas. La perte
de radioactivite par acidification et dessiccation donne
une mesure directe de l'activit6 acetylcholinesterasique.
Les niveaux de radioactivite utilises sont tres inf6rieurs
a ceux qui pourraient pr6senter des dangers ou exiger
des installations de laboratoire particulieres. Une seule
preparation de substrat radioactif peut suffire a 1'exa-
men de plusieurs centaines de milliers d'echantillons
de sang.
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