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Abstract—The behaviors of the enantiomers of cocaine (benzoylecgonine methyl ester) and related
compounds with butyrylcholinesterase (BChE; EC 3.1.1.8) were investigated spectrophotometrically
at 235 nm. The unnatural enantiomer, (+)-cocaine, was hydrolyzed by BChE (extinction coefficient
6.7L-mmol ! -cm™!) at about half the rate of benzoylcholine, but over 2000 times faster than naturally
occurring (—)-cocaine. This rapid hydrolysis of (+)-cocaine may account, in part, for its pharmacological
inactivity. (+)-Norcocaine, (+)-benzoylecgonine, (—)-y-cocaine and tropacocaine were also substrates
for BChE. Hy-rolysis of (+)-cocaine was sensitive to several standard inhibitors of BChE, including
those of competitive, carbamate and organophosphorus classes. Although (—)-cocaine was a poor
substrate for debenzoylation, it was a fairly good competitive inhibitor (K; ~ 10 uM) of the hydrolysis
of other substrates. The cocaine metabolites (—)-norcocaine, (—)-benzoylecgonine and (—)-ecgonine
methyl ester inhibited BChE with K; values of 15, 76 and 1300 uM, respectively. (+)-1-Cocaine had
K; =3 uM. p-Nitro and p-fluoro derivatives of cocaine and analogs with phenyl and p-fluorophenyl
groups in place of the benzoyl ester linkage (WIN 35,065-2 and WIN 35,428) inhibited BChE comparably
to (—)-cocaine itself. Both cocaine enantiomers were weak inhibitors of acetylcholinesterase (AChE;
EC 3.1.1.7) from human erythrocytes with similar K values (160-170 uM). Although it is unlikely that
the inhibition of BChE is an important factor in the subjective effects of cocaine, it may have implications
for the toxicity of cocaine to the fetus, since BChE appears in the development of the central nervous
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system before AChE, and has been suggested to function as an embryonic acetylcholinesterase.

Cocaine abuse has become a major public health
problem, and improved understanding of both the
mechanism of addiction and its treatment is urgently
required. Cocaine exhibits a complex pharmacology
[1]- Its mood-altering effects and addictive nature
are thought to involve binding to the presynaptic
reuptake sites on dopaminergic neurons [2-5].
Cocaine, however, also interacts with sigma [6],
muscarinic cholinergic [7] and glutaminergic [8]
receptors, while its local anesthetic effects are
mediated via neuronal sodium channels [9]. Natural
cocaine, extracted from the leaves of Eryroxylon
coca, is exclusively the levo enantiomer, (—)-
cocaine, which has the absolute stereochemistry 1R,
28, 35, 55 [10]. Synthetic (+)-cocaine lacks the
behavioral properties of the levo-rotatory isomer
[11], and is also reported to be a much weaker
inhibitor of presynaptic monoamine uptake [5, 12].

In conjunction with positron emission tomographic
(PET) studies of the binding of !'C labeled cocaine
in the human brain [13], we prepared !'C-labeled
{+)-cocaine. Our intention was to use the unnatural
enantiomer to better define the relative contributions
of specific and non-specific binding of [!'C]cocaine
to the brain uptake. However, label from (+)-
cocaine did not enter the brain. In vitro experiments

* Abbreviations: BChE, butyrylcholinesterase (EC
3.1.1.8); AChE, acetylcholinesterase (EC 3.1.1.7); WIN
35,428, 3p-(4-fluorophenyl)-2f-carboxylic acid methyl
ester; WIN 35,065-2, 38-phenyl-28-carboxylic acid methyl
ester; and iso-OMPA, tetraisopropyl pyrophosphoramide.

t Yu D-W, unpublished data, cited with permission.

with '!C-labeled compounds revealed extremely
rapid stereoselective hydrolysis of (+)-cocaine in the
blood plasma [14], which could be inhibited by
physostigmine. Natural cocaine was also hydrolyzed
in plasma, as has been reported previously for human
plasma [15,16], but several orders of magnitude
more slowly than (+)-cocaine. Cleavage of the
benzoyl ester linkage of (—)-cocaine has been
ascribed to butyrylcholinesterase (BChE,* EC
3.1.1.8) which is important in the catabolism of other
drugs such as heroin [17] and aspirin [18]. Our
observations with the !!C compounds prompted an
in vitro examination of the behavior of isolated
BChE. This new study has resulted in determination
of K,, and Vg, values and/or K; values for the
cocaine enantiomers and for several cocaine
metabolites and related compounds.

MATERIALS AND METHODS

WIN 35,065-2 and WIN 35,428 were supplied by
Sterling Drug Inc., Rensselaer, NY. Cocaine
enantiomers and related compounds were obtained
from the National Institute on Drug Abuse. (+)-
Cocaine [19] was N-demethylated with a-chloroethyl
chloroformate [20] to yield (+)-norcocaine, and was
O-demethylated to give (+)-benzoylecgonine by
heating an aqueous solution at 120° for 2hr in a
sealed vial. Preparations of p-nitro- and p-
fluorococaine derivatives involved esterification of
ecgonine methyl ester with the corresponding
benzoyl chlorides.t Enzymes [acetylcholinesterase
(AChE), EC 3.1.1.7, type XIII from human
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erythrocytes; BChE, highly purified, from horse
serum, and BChE from human serum] and other
reagents were obtained from the Sigma Chemical
Co., St. Louis, MO.

Enzyme activities were measured at 30°. AChE
was assayed with acetylthiocholine as substrate, in
50mM potassium phosphate buffer containing
0.125mM 5,5’-dithiobis(4-nitrophenol) at pH 7.2
[21]. Optical densities for calculation of initial rates
were measured at 412 nm. In some experiments,
BChE was assayed in a similar manner with
butyrylthiocholine as substrate [22]. BChE was also
assayed directly at 235nm with benzoylcholine
[23,24] and other benzoyl esters as substrates.
A change in extinction coefficient of 6.7
L-mmol '-cm™! was found for hydrolysis of (+)-
cocaine, in good agreement with the data of Kalow
for benzoylcholine and for piperocaine [23]. Enzyme
kinetic parameters were calculated using the Cricket
Graph program on a Macintosh IIcx computer from
initial rates measured with substrate concentrations
within the range 5-150 uM, where double-reciprocal
plots are linear. At high substrate concentrations,
plots for butyrylthiocholine as substrate curve
downwards [25]. Enzyme concentrations were 20—
40 ug/mL for human BChE, and 0.1-0.2 ug/mL for
horse BChE. For examination of the effects of
cholinesterase inhibitors, reaction was initiated by
the addition of (+)-cocaine (final concentration
14.2 uM) at 30°. The percent inhibition was calculated
as 100(C-1)/C, where C and [ are the rates in the
absence and presence of inhibitor, respectively.

RESULTS

The effects of several compounds which are known
to inhibit BChE on hydrolysis of (+)-cocaine by the
human plasma enzyme are shown in Table 1.
These data are consistent with the literature on
anticholinesterase compounds [26], including greater
inhibition by R-propranolol than the racemic
compound [27] and inhibition by ethopropazine, a
poor inhibitor of AChE [28], and by imipramine
[29]. Reaction of 50 uM benzoylcholine with the
human enzyme was inhibited 68% by 10uM
dibucaine and 30% by 50 uM fluoride under standard
clinical conditions [30, 31] (data not shown).

Representative double-reciprocal plots from a
single experiment where the rates of human BChE-
catalyzed hydrolysis of benzoylcholine, (+)-cocaine
and (—)-y-cocaine were compared are shown in Fig.
1. The calculated kinetic parameters for substrates
and inhibitors of human BChE related to cocaine
are shown in Table 2. Both (+)-cocaine and
tropacocaine were substrates that showed less
activity than the commonly employed substrates,
benzoylcholine [23] and butyrylthiocholine [22]. (+)-
Norcocaine was a weaker substrate than (+)-cocaine.
(—)-y-Cocaine [the C2 epimer of (+)-cocaine]
exhibited both higher K, and V,,, values than
benzoylcholine. The V,,, and K,,, of the commercially
available human BChE for (—)-cocaine could not
be satisfactorily determined with the spectro-
photometric assay; previous work [14] suggested that
the baboon plasma enzyme was 1000 times less active
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Fig. 1. Double-reciprocal plots for human BChE. Initial
rates (O.D./min) were measured at 30° and pH 7.4
in the same session for incubations of human BChE
with benzoylcholine, (+)-cocaine and (—)-y-cocaine.
Regression lines are least-squared fits.
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Fig. 2. Competitive inhibition of BChE by (—)-norcocaine.

Initial rates were measured for (4 )-cocaine alone and in

the presence of the indicated concentrations of (—)-
norcocaine. Conditions were the same as in Fig. 1.

with (—)- than with (+)-cocaine. However, (-)-
cocaine inhibited the hydrolysis of other substrates,
with a K; value of about 10 uM. In all cases examined
the inhibition was competitive, as seen for
(—)-norcocaine (K;=15uM) with (+)-cocaine as
substrate in Fig. 2. (+)-y-Cocaine [related to (—)-
cocaine] had the lowest K; (3 uM) of the compounds
tested. O-Demethylation of cocaine to give benzoy-
lecgonine resulted in 10-fold weaker inhibition,
while the product of debenzoylation of cocaine, (—)-
ecgonine methyl ester, inhibited very weakly (Table
2). Several analogs of cocaine were also inhibitors
of human BChE with similar potency (Table 3).
The more active horse serum BChE did allow
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Table 1. Effects of standard BChE inhibitors on (+)-cocaine hydrolysis
Concentration
Compound (uM) % Inhibition
R,S-Propranolol 1 53
R,S-Propranolol 20 92
R-Propranolol 1 70
Imipramine 20 7
Edrophonium 20 4
Ethopropazine 0.5 59
Ethopropazine 20 100
Neostigmine 1 30
iso-OMPA 1 10
iso-OMPA 20 76
1,5-bis(4-Allyldimethyl-
amino)pentan-3-one 1 76
Physostigmine 1.45 79
EDTA 5000 11
Diisopropylfluorophosphate 0.004 7
Diisopropylfluorophosphate 0.03 100
Values are the means of duplicate or triplicate measurements. Control rats
were 0.4 umol/min/mg protein.
Table 2. Structure-activity relationships of cocaine and analogs with human plasma butyrylcholinesterase
R R
i X K |
N N
| OCOPh PhCOO |
Y L
K., K;
Compound R X Y K L (uM) Viax (uM
(+)-Cocaine CH; H H CO,CH, H 6.2 0.59 —
(+)-Norcocaine H H H CO,CH; H 5 0.17 —
Tropacocaine CH; H H H H 2.3 0.58 —
(—)-y-Cocaine CH, H H H CO,CH; 13 1.6 —
(+)-Benzoylecgonine CH, H H CO,H H 100 0.063 —
(—)-Cocaine CH; CO,CH; H H H — — 7.5%.9%
(—)-Norcocaine H CO,CH; H H H — —_ 15+
(—)-Benzoylecgonine CH;, CO,H H H H — — 76%
(—)-Norbenzoylecgonine H CO,H H H H — — 100%
(+)-y-Cocaine CH; H CO,CH, H H — — 3%
(—)-Ecgonine methyl ester — — 1300+
Benzoylcholine 34 1 —
Butyryl thiocholine 24 2.3 —

* Relative to V,, (benzoylcholine) = 1.
t (+)-Cocaine as substrate.
i Benzoylcholine as substrate.

determination of Michaelis-Menten parameters for
(—)-cocaine (Table 4). The (+) enantiomer was
hydrolyzed about 2300 times more rapidly. The K,
and the K; values of horse BChE for the two cocaine
enantiomers were quite similar. The K, of human
BChE for (+)-cocaine was lower than for the horse
enzyme. The lower K, for benzoylcholine than for
butyrylthiocholine agrees with previous reports [23].
Neither cocaine enantiomer was hydrolyzed by

human erythrocyte AChE, but both were weak
inhibitors (K; values 160-170 uM) of the hydrolysis
of acetylthiocholine (data not shown).

DISCUSSION

This study extends the previous observation of
rapid, physostigmine-inhibitable debenzoylation of
(+)-cocaine in plasma {14] which may contribute to
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Table 3. Inhibition of BChE by (—)-cocaine and analogs

Compound % Inhibition
Cocaine 42
Norcocaine 33
p-Fluorococaine 40
p-Nitrococaine 56
WIN 35,065-2 25
WIN 35,428 29

Values are the means of duplicate measurements.
Control rates were 0.4 ymol/min/mg protein.

the pharmacological inactivity of (+)-cocaine relative
to the naturally occurring isomer. Similar con-
siderations may apply to tropacocaine and (—)-y-
cocaine which are also BChE substrates (Fig. 1,
Table 2). The results may also be discussed in terms
of previous studies of the substrate specificity of
BChE, and in terms of the subjective and toxic
effects of cocaine.

Measurements of debenzoylation of (—)-cocaine
and norcocaine in crude human blood serum have
been made by Stewart et al. [16] with tritiated
compounds. They found a K, of about 50 uM for
cocaine, which is considerably higher than the X,
values (expected to be equal to the K, if Michaelis—
Menten kinetics are followed) of 7.5-9 uM found in
the present study for purified human BChE (Table
2). A contributor to the discrepancy could be partial
hydrolysis of [*H]cocaine to [*H]benzoylecgonine
(K; =100 uM; Table 2) during incubation with
plasma [16]. The interaction of BChE with local
anesthetics structurally related to cocaine is also well
known; for example, procaineamide affinity columns
have been used to prepare electrophoretically pure
BChE [32]. Kalow [23] investigated the action of
human BChE on several local anesthetics, only one
of which, piperocaine, contained an unsubstituted
benzoyl group. It was hydrolyzed at a tenth the rate
of benzoylcholine. Procaine and several other local
anesthetics were substrates and inhibitors of BChE,
but cocaine was not examined [23]. Kalow and
Genest [30] later introduced the use of “dibucaine
numbers” ( percentage inhibition by 10 uM dibucaine
of benzoylcholine hydrolysis under standard
conditions) for detection of patients with atypical
BChE, who may be more susceptible to suc-
cinylcholine-induced apnea during anesthesia [31].
Procaine and tetracaine were investigated more
recently by Valentino et al. [18]; they exhibited low
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K, values (6.6 and 0.14 uM, respectively) but were
poor substrates in terms of V,,,, (1.7 and 0.5% that
of benzoylcholine).

In the present work, (—)- and (+)-cocaine had
very similar affinities for BChE, as shown by their
K; and K,, values, but binding led to rapid reaction
only for the (+) enantiomer. Becket and coworkers
[33,34] found that the V., of BChE for S-
butyryl-g-methylcholine was about 5% of that for
butyrylcholine, whereas the R-isomer had no
detectable activity. Similar results for bovine
erythrocyte AChE were reported over 50 years ago
by Glick [35]. The C-methyl group of R-butyryl-g-
methylcholine and the carboxymethyl group of (—)-
cocaine occupy the same relative stereochemical
positions. While later work on cholinesterase
substrates which are asymetric in the acyl moiety
has been reported [36], we are not aware of any
recent work dealing with substrates possessing an
optically active choline analog. The alterations in
kinetic parameters caused by demethylation and
epimerization (Table 2) suggest that more detailed
examination of substrates and inhibitors possessing
the tropane skeleton may be useful in mechanistic
studies of cholinesterases.

AChE and BChE are serine hydrolases which are
closely related in terms both of homology of ligand
binding sites and the ways in which their catalytic
subunits may be linked to generate a range of
molecular forms [37-40]. Both cholinesterases cleave
acetylcholine, but BChE accepts a much wider range
of acylcholines than AChE. It is unclear whether
BChE plays, either wholly or in part, the same role
as AChE in nervous transmission. Its distribution in
the adult brain differs from that of AChE {41, 42],
and individuals are known who lack active
plasma BChE. Although this can have adverse
pharmacological consequences, such as increased
sensitivity to succinylcholine used as a muscle
relaxant during anesthesia, these individuals seem
to be otherwise unaffected [26]. During development,
however, BChE appears earlier than AChE, and
BChE is suggested to function as an embryonic
acetylcholinesterase, later replaced by “true” AChE
[37]. If this is correct, our demonstration that (—)-
cocaine inhibits BChE could bear on problems
experienced by babies born to cocaine-addicted
mothers. Plasma BChE levels are depressed in
pregnant women, which may also increase fetal
exposure to cocaine [43,44]. Of the major
metabolites of cocaine, norcocaine, which shares the
rewarding effects of cocaine [45], also had a similar

Table 4. Kinetic parameters of horse plasma BChE for (+)- and (—)-cocaine

K; (uM)
max Km
Substrate (umol/min/mg protein) (M) (—)-Cocaine (+)-Cocaine
(—)-Cocaine 0.0042 38
(+)-Cocaine 9.8 25 25
Butyrylthiocholine 59.6 60 29 14
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K; for BChE, while that of benzoylecgonine was 10-
fold higher. Ecgonine methyl ester was quite inactive;
this was expected, since choline is only a weak
inhibitor of cholinesterases [46].

In the absence of an understanding of the role of
BChE in normal brain function [47], the possible
consequences of its inhibition by cocaine cannot be
assessed. Inhibition of BChE is probably not involved
in the mood-altering and addictive qualities of
cocaine (unless one of the molecular forms of BChE
in brain, or a related serine hydrolase, is more
sensitive to cocaine than is plasma BChE) which
require approximately 1 uM plasma concentrations
of cocaine [48]. Also the two phenyltropane analogs
(WIN 35,065-2 and WIN 35,428) were slightly
weaker inhibitors of BChE than cocaine and
several ester analogs (Table 3), although they are
considerably more potent than cocaine in behavioral
studies, and in blocking uptake of dopamine or
epinephrine [11, 49]. However, although subjective
effects parallel blood levels, the concentration of
cocaine in brain is higher than that in intravenous
blood immediately after cocaine is injected or
“smoked”. Peak levels of 0.01% of the injected
dose/cc of striatum were found in volunteers given
[*'C]cocaine [13], corresponding to 10uM for
administration of 34 mg (0.1 mmol) of cocaine. One
must consider not only the euphoric action of
cocaine, but also the subsequent dysphoria caused
by a single administration, and longer term effects
such as addiction and toxicity [50], as possibly
involving BChE. It is conceivable, also, that cocaine
inhibits another reaction of BChE, such as processing
of substance P [51-53], more strongly than the
hydrolysis of acylcholines and their analogs, although
in one study it did not alter substance P levels [54].
Any cholinomimetic action of cocaine due to its
anticholinesterase activity would tend to be offset
by its recently described antagonistic muscarinic M2
receptor binding [7], which has a K; of 19 uM, and
which has been suggested to be involved in the
toxicity of cocaine.

CONCLUSIONS

(—)-Cocaine and some stereochemically related
compounds are moderately strong inhibitors of
BChE, while (+4)-cocaine and congeners are
substrates of this enzyme, with a (+)/(—) ratio of
>2000 for the cocaine enantiomers. Rapid hydrolysis
of (+)-cocaine in primate blood plasma and possibly
in tissue preparations may make advisable re-
evaluation of some previous behavioral and in vitro
studies with (+)-cocaine [14], since inactivity may
have been due, in part, to destruction of the
compound. A role for the previously undescribed
inhibition of BChE by (—)-cocaine in the behavioral
or toxicological profiles of cocaine remains to be
established.

Acknowledgements—This work was carried out at Brook-
haven National Laboratory under Contract DE-ACO02-
76CH00016 with the Department of Energy, Office of
Health and Environmental Research, and under Grant
DAO06278 from the National Institute on Drug Abuse, who
also supplied (+)-cocaine and some related compounds.

1253

WIN 35,065-2 and WIN 35,428 were kind gifts of Sterling
Drug, Inc. The author thanks A. P. Wolf and J. S. Fowler
for advice and encouragement, and R. R. MacGregor and
D-W. Yu for preparing cocaine derivatives.

REFERENCES

1. Johanson C-E and Fischman MW, The pharmacology
of cocaine related to its abuse. Pharmacol Rev 41: 3—
52, 1989.

2. Koob GF and Bloom FE, Cellular and molecular
mechanisms of drug dependence. Science 242: 715-
723, 1988.

3. Galloway MP, Neurochemical interactions of cocaine
with the dopaminergic system. Trends Pharmacol Sci
9: 451454, 1988.

4. Kennedy LT and Hanbauer I, Sodium sensitive cocaine
binding to rat striatal membrane: Possible relationship
to dopamine uptake sites. J. Neurochem 41: 172-178,
1983.

5. Ritz MC, Lamb RJ, Goldberg SR and Kuhar MJ,
Cocaine receptors on dopamine transporters are related
to self administration of cocaine. Science 237: 1219-
1223, 1987.

6. Sharkey J, Glen KA, Wolfe S and Kuhar MJ, Cocaine
binding at sigma receptors. Eur J Pharmacol 149: 171-
174, 1988.

7. Sharkey J, Ritz MC, Schenden JA, Hanson RC and
Kuhar MJ, Cocaine inhibits muscarinic cholinergic
receptors in heart and brain. J Pharmacol Exp Ther
246: 1043-1052, 1988.

8. Turkanis SA, Partlow LM and Karier R, Effects of
cocaine on neuromuscular transmission in the lobster.
Neuropharmacology 28: 971-975, 1989.

9. Ritchie JM and Greene NM, Local anesthetics in: The
Pharmacological Basis of Therapeutics (Eds. Gilman
AG, Goodman LS, Rall TW and Murad F), 7th Edn
pp. 302-321. Macmillan, New York, 1985.

10. Hardegger E and Ott H, Konfiguration des Cocains
und Derivate der Ecgoninsaure. Helv Chim Acta 38:
312-322, 1955.

11. Spealman RD, Kelleher RT and Goldberg SR,
Stereoselective effects of cocaine and a phenyltropane
analog. J Pharmacol Exp Ther 225: 509-514, 1983,

12. Lew R, Grigoriadis DE, Sharkey J and Kuhar MJ,
Dopamine transporter: Solubilization from dog caudate
nucleus. Synapse 3: 372-375, 1989.

13. Fowler JS, Volkow ND, Wolf AP, Dewey SL, Schlyer
DJ, MacGregor RR, Hitzemann R, Logan J, Bendriem
B, Gatley SJ and Christman D, Mapping cocaine
binding sites in human and baboon brain in vivo.
Synapse 4: 371-377, 1989.

14. Gatley SJ, MacGregor RR, Fowler JS, Wolf AP,
Dewey SL and Schlyer DJ, Rapid stereoselective
hydrolysis of (+)-cocaine in baboon plasma prevents
its uptake in the brain: Implications for behavioral
studies. J Neurochem 54: 720-723, 1990.

15. StewartDJ, Inaba T, Tang BK and Kalow W, Hydrolysis
of cocaine in human plasma by cholinesterase. Life
Sci 20: 1557-1564, 1977.

16. Stewart DJ, Inaba T, Lucassen M and Kalow
W, Cocaine metabolism: Cocaine and norcocaine
hydrolysis by liver and serum esterases. Clin Pharmacol
Ther 25 464-468, 1979.

17. Lockridge O, Mottershaw-Jackson N, Eckerson HW
and La Du BN, Hydrolysis of diacetylmorphine
(heroin) by human serum cholinesterase. J Pharmacol
Exp Ther 215: 1-8, 1980.

18. Valentino RJ, Lockridge O, Eckerson HW and La Du
BN, Prediction of drug sensitivity in individuals with
atypical serum cholinesterase based on in vitro
biochemical studies. Biochem Pharmacol 30: 1643-
1649, 1981.



1254

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Lewin AH, Naseree T and Carroll FI, A practical
synthesis of (+)-cocaine. J Heterocyc! Chem 24: 19~
21, 1987.

Olofson RA, Marts JT, Senet J-P, Piteau M and
Malfroot T, A new reagent for the selective, high-yield
N-dealkylation of tertiary amines: Improved syntheses
of naltrexone and nalbuphine. J Org Chem 49: 2081-
2082, 1984.

Ellman GL, Courtney KD, Andres V and Featherstone
RM, A new and rapid colorimetric determination of
acetyicholinesterase activity. Biochem Pharmacol 7.
88-95, 1961.

Bonham JR, Gowenlock AH and Timothy JAD,
Acetylcholinesterase and butyrylcholinesterase
measured in the pre-natal detection of neural tube
defects and other fetal malformations. Clin Chim Acta
115: 163-170, 1981.

Kalow W, Hydrolysis of local anesthetics by human
serum cholinesterase. J Pharmacol Exp Ther 104: 122—
134, 1952.

Kalow W and Lindsay HA, A comparison of optical
and manometric methods for the assay of human serum
cholinesterase. Can J Biochem Physiol 33: 568-574,
1955.

Ozer N and Ozer I, Differential reactivity of active
sites in human plasma cholinesterase towards 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide. Arch Biochem
Biophys 255: 89-94, 1987.

Taylor P, Anticholinesterase agents. In: The Phar-
macological Basis of Therapeutics (Eds. Gilman AG,
Goodman LS, Rall TW and Murad F), 7th Edn, pp.
110-129. Macmillan, New York, 198S.

Whittaker M, Wicks RJ and Britten JJ, Studies on the
inhibition by propranolol of some human erythrocyte
membrane enzymes and plasma cholinesterase. Clin
Chim Acta 119: 107-114, 1982.

Edwards JA and Brimijoin S, Divergent regulation of
acetylcholinesterase and butyrylcholinesterase in tissues
of the rat. J Neurochem 38: 1393-1403, 1982.

Diaz Gomez MI and Castro JA, Studies on the
interaction between inhibitors of drug metabolism and
horse plasma cholinesterase. Biochem Pharmacol 20:
929-942, 1971.

Kalow W and Genest K, A method for the detection
of atypical forms of human serum cholinesterase.
Determination of dibucaine numbers. Can J Biochem
Physiol 35: 339-346, 1957.

Whittaker M, Cholinesterase. Monographs in Human
Genetics (Ed. Beckman L), Vol. 11. Kaarger, Basel,
1986.

Ralston JS, Main AR, Kilpatrick BF and Chasson AL,
Use of procainamide gels in the purification of human
and horse serum cholinesterases. Biochem J 211: 243—
250, 1983.

Becket AH, Stereospecificity in the reactions of
cholinesterase and the cholinergic receptor. Ann NY
Acad Sci 144: 675-686, 1967.

Becket AH, Mitchard M and Clitheroe GW, The
importance of steric and stereochemical features in
serum cholinesterase substrates. Biochem Pharmacol
17: 1601-1607, 1968.

35
36

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

S. J. GATLEY

. Glick DJ, Studies on the specificity of cholinesterase.
J Biol Chem 125: 729-739, 1938.
. Volkova RI, Brestkin AP and Kochetova LM,
Stereospecificity of the active site of acylcholinesterases.
Biokhimiya 47: 803-809, 1982.
Chatonnet A and Lockridge O, Comparison of
butyrylcholinesterase and acetylcholinesterase. Bio-
chem J 260: 625-634, 1989.
Lockridge O, Adkins S and La Du BN, Location of
disulfide bonds within the sequence of human serum
cholinesterase. J Biol Chem 262: 12945-12952, 1987.
Lee JC and Harpst JA, Physical properties and subunit
structure of butyrylcholinesterase from horse serum.
Biochemistry 12: 1622-1630, 1973.
Inestrosa NC, Roberts WL, Marshall TL and
Rosenberry TL, Acetylcholinesterase from bovine
caudate nucleus is attached to membranes by a novel
subunit distinct from those of acetylcholinesterases in
other tissues. J Biol Chem 262: 4441-4444, 1987.
Graybiel AM and Ragsdale Jr CW, Pseudo-
cholinesterase staining in the primary visual pathway
of the macaque monkey. Nature 299: 439-442, 1982.
Layer PG, Comparative localization of acetyl-
cholinesterase and pseudocholinesterase during mor-
phogenesis of the chicken brain. Proc Natl Acad Sci
USA 80: 6413-6417, 1983.
Cregler LI and Mark H, Medical complications of
cocaine abuse. New Engl J Med 315: 1495-1499, 1986.
DeVane CL, Simkins JW, Miller RL and Braun SB,
Tissue distribution of cocaine in the pregnant rat. Life
Sci 45: 1271-1276, 1989.
Hawks RL. Kopin 1J, Colburn RW and Thoa NB,
Norcocaine: A pharmacologically active metabolite of
cocaine found in brain. Life Sci 15: 2189-2195, 1975.
Wilson IB, Acetylcholinesterase. XI. Reversibility of
tetraethyl pyrophosphate inhibition. J Biol Chem 190:
111-117, 1951.
Kutty KM, Biological function of cholinesterase. Clin
Biochem 13: 239-243, 1980.
Fischman MW, Schuster CR and Hatano Y, A
comparison of the subjective and cardiovascular effects
of cocaine and lidocaine in humans. Pharmacol
Biochem Behav 18: 123-127, 1983.
Clarke RL, Daum SJ, Gambino A}, Aceto MD, Pearl
J, Levitt M, Cumiskey WR and Bogado EF,
Compounds affecting the central nervous system. 4. 33-
Phenyltropane-2-carboxylic esters and analogs. J Med
Chem 16: 1260-1267, 1973.
Van Dyke C and Byck R, Cocaine: 1884-1974. In:
Advances in Behavioral Biology (Ed. Elmwood E),
pp. 1-30. Plenum Press, New York, 1974.
Lockridge O, Substance P hydrolysis by human serum
cholinesterase. J Neurochem 39: 106-110, 1982.
Chatonnet A and Masson P, Study of the peptidasic
site of cholinesterase: Preliminary results. FEBS Lett
182: 493-497, 1985.
Boopathy R and Balasubramanian AS, A peptidase
activity exhibited by human serum pseudo-
cholinesterase. Eur J Biochem 162: 191-197, 1987.
Sivam SP, Cocaine selectively increases striatonigral
dynorphin levels by a dopaminergic mechanism. J
Pharmacol Exp Ther 250: 818-826, 1989.



