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Abstract—To assess the role that action on sodium channels may play in the physiological effects of
cocaine and to obtain information on the structure-activity relationships of this action, cocaine,
norcocaine, N-allynorcocaine, (+)-pseudococaine, (—)-pseudococaine, (*)-allococaine, (=*)-allo-
pseudococaine, ecgonine, ecgonine methyl ester, O-benzoylecgonine and atropine were tested for
their effects on sodium channels. The method employed was a sodium channel specific equilibrium
ZNa* uptake assay with rat brain membrane homogenates. All of the compounds listed with the
exception of the ecgonines were found to be single affinity competitive inhibitors of veratridine
activation of sodium channels. Ecgonine showed no inhibition at concentrations as high as 10°M
while ecgonine methyl ester and O-benzoylecgonine showed inhibition only at very high concentrations.
The order of inhibition potencies was found to (+)-pseudococaine = norcocaine = N-allynorcocaine >
cocaine > (—)-pseudococaine = (%)-allopseudococaine > (*)-allococaine > atropine > O-benzoyl-
ecgonine > ecgonine methyl ester > ecgonine. This ordering of potencies is in good agreement with

published reports of the local anesthetic potencies of these agents.

Cocaine (I),+ an alkaloid obtained from the leaves
of Erythroxylon coca, is currently one of the most
popular drugs of abuse. Cocaine exhibits a local
anesthetic activity and is, in fact, the prototypical
local anesthetic drug [1]. In addition to, or in con-
junction with, its local anesthetic activity, cocaine
exhibits a central nervous system stimulatory effect
similar to that exhibited by amphetamine [2]. This
central nervous system stimulation is manifested by,
among other effects, increased locomotor activity
and body temperature, reduced total and rapid eye
movement sleep, reduced food intake, desynchron-
ized electroencephalogram, and increased multiple
unit activity in the reticular formation. Cocaine elicits
stereotypical behavior and turning towards the
lesioned side in animals with unilateral lesion of the
dopaminergic nigro-striatal pathway [3]. Norcocaine
(V), a metabolite of cocaine, and (+)-pseudococaine
(I1a), the C; epimer of cocaine, both exhibit local
anesthetic activity with greater potency than cocaine
[4-6]. These two agents share a number of phar-
macological properties with cocaine but their activity
profiles are different than that found with cocaine
{7-10]. (£)-Allococaine (III), the racemic C; epimer
of cocaine, has been shown to exhibit a lower local
anesthetic potency than cocaine [11]. In addition,
other tropane derivatives with the C; constituent
oriented in the axial configuration, as is true with
(+)-allococaine, are reported to have lesser local
anesthetic potency than cocaine [12]. The order of
potencies for other pharmacological actions of
cocaine and its congeners, such as their sympatho-

* Author to whom correspondence should be addressed.
+ The Roman numerals in the text refer to the numbering
of compounds as listed in Table 1.
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mimetic activities [11, 13}, is not the same as the
order of potencies for local anesthetic activity.

A major component of the local anesthetic activity
of cocaine is its ability to block sodium channels [14].
Sodium channels are the membrane components
responsible for controlling sodium ion conductance
in excitable cells such as neurons. To obtain infor-
mation concerning the structure-activity relation-
ships of the ability of cocaine to block sodium chan-
nels, we analyzed the sodium channel effects of
cocaine and a number of its congeners using a pre-
viously described sodium channel specific *Na*
uptake assay employing rat brain membrane hom-
ogenates [15].

MATERIALS AND METHODS

Materials. Norcocaine-HCl and N-allynor-
cocaine-HCl were gifts from Dr. Ronald Borne,
Department of Medicinal Chemistry, University of
Mississippi School of Pharmacy. Ecgonine and O-
benzoylecgonine were gifts from Dr. Mahmoud
ElSohly, Research Institute of Pharmaceutical Sci-
ences, University of Mississippi School of Pharmacy.
(+)-Pseudococaine-HCIl, (—)-pseudococaine-HClI,
(*)-allococaine, (*)-allopseudococaine and ecgon-
ine methyl ester~HCl were provided by the National
Institute on Drug Abuse via the Research Triangle
Institute, Research Triangle Park, NC. Cocaine-HCl
was obtained from the Mallinckrodt Chemical Corp.,
St. Louis, MO, and atropine-sulfate was obtained
from Merck & Co., Rahway, NJ. All other materials
were as previously described [15].

2Na* uptake assay. *Na* uptake measurements
were performed as described previously [15]. All
steps were performed at 25°. Three microliters of a
stock solution of cocaine, or a cocaine congener, or
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3 ul of solvent for control was added to an 0.3-ml
aliquot of the rat brain membrane homogenate pre-
pared in standard buffer (SB) (0.32M sucrose,
10 mM Tris-HCI, 1 mM KNj, pH 7.5) with 1 mM
ouabain [the solvents used were SB (I, I1a, IIb and
X) and ethanol (III-IX)]. This was incubated for
10 min, and then 3 ul of a veratridine stock solution
in ethanol or 3 ul of ethanol for control was added
and incubated for an additional 20 min. Next, 0.3 ml
of 0.3 uCi/ml #*Na* as NaCl in SB was added and
incubated for an additional 6 min. At this time the
sample was passed through a 2-ml bed volume
Dowex 50W-X8, 50-100 mesh cation exchange resin
column equilibrated with SB. The brain membrane
vesicles with their sequestered *Na* pass freely
through the column, while Na* in the bulk solution
is quantitatively retained by the column resin. The
ZNa* contents of the column effluents were deter-
mined with the use of a Packard model 500C auto-
gamma counter.

Analyses. The following analyses were performed
on cocaine and its congeners listed in Table 1: (1)
dose-dependent analysis for effects on control and
5 x 107°M veratridine-stimulated *Na* uptake, (2)
time course for ?Na* uptake with control, veratri-
dine and veratridine plus an approximate 50% inhibi-
tory dose of inhibitor, and (3) double-reciprocal
analysis utilizing four inhibitor concentrations versus
each of five veratridine concentrations, in which the
concentrations of inhibitor and veratridine were cho-
sen from dose-response curves to lie within the range
of maximum slope.

RESULTS

Compounds 1-VI and X were found to inhibit
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veratridine-stimulated *Na* uptake with different
potencies as shown in Fig. 1 and Table 1. The inhi-
bition dose curves were found to be parallel when
analyzed by the method of Litchfield and Wilcoxon
[16] (Fig. 1). Compounds I-VI and X exhibited no
effects on control *Na* uptake at concentrations
=<107*M. At concentrations greater than 107'M
these compounds showed decreases in control
uptake. The data for (—)-pseudococaine (Ila), which
are representative of the data for the other com-
pounds, are given in Fig. 2. Ecgonine and ecgonine
methyl ester (VII and IX) had no effect on control
®Na” uptake at concentrations as high as 107 M.
O-Benzoylecgonine (VIII) was not tested at con-
centrations above 107*M due to limits in its solu-
bility. Compound IX had no effect on control uptake
at concentrations <107*M. Compound VII pro-
duced no inhibition of veratridine-stimulated *Na"
uptake at <107°M, VIII produced approximately
40% inhibition at 107*M, and IX produced approx-
imately 30% inhibition at 107* M. Further analyses
with compounds VII-IX were not performed. The
decreases in contro! uptake which were observed
with compounds [-VI and X are believed to have
been due to non-specific membrane disruptive effects
as observed previously with propranolol [15], lido-
caine and procaine [17].

The time courses for veratridine stimulated *Na”
uptake when inhibited approximately 50% by any
one of compounds I-VI or X were parallel with
control or veratridine-stimulated uptake in the
absence of inhibitor. Data for compound X, which
are representative of these data, are shown in Fig.
3. Parallel time courses demonstrate that the re-
equilibration rates of the inhibitors with the sodium
channel were slow in relation to the time required
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Fig. 1. Inhibition of 5 uM veratridine-stimulated Na* uptake by cocaine congeners. Key: (O) I; (+)
Ila; (-) IIb; (V) III; (D) IV; (X) V; (N) VI; and (A) X. The roman numerals refer to the various
cocaine congeners as listed in Table 1. The data have been normalized to the 0-100% stimulation scale
using the uptake level for no veratridine and no inhibitor (control), 0% stimulation, and the value for
5 uM veratridine and no inhibitor for 100% stimulation. The 0 and 100% stimulation values were
independently determined for each inhibitor tested. These values in cpm were: [, 3300~7400; Ila,
4000-7900; IIb, 3450-8400; III, 3750-8200; IV, 3400-7600; V, 3650-8000; VI, 3650-8000; and X,
3600-8400. The data points represent the means of three independent determinations. The lines were
fitted by the method of linear least squares using the mean value for each inhibitor concentration
plotted.
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Action of cocaine on sodium channels
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Fig. 2. Dose-response curve for (~)-pseudococaine inhibition of veratridine-stimulated >Na~ uptake.
Key: (@) control; and (A) 5 uM veratridine. The data points are the means * S.D. of three independent
determinations.

for uptake to reach completion. It has been shown
previously that at low veratridine concentrations the
equilibrium level of Na* uptake is dependent on
veratridine concentration [17]. This occurs because
the reequilibration rate of veratridine with the
sodium channel is slow with respect to the time
required for the contents of the veratridine-activated
membrane vesicles to equilibrate with the *Na* in
the medium. This condition is an absolute necessity
in order for analysis of equilibrium *Na* uptake
data to be valid [17].

Double-reciprocal analyses of compounds I-VI
and X showed them all to be single-affinity com-
petitive inhibitors of veratridine stimulation of Na*
uptake. Data for compound I, which are represen-
tative of these data, are given in Fig. 4.

DISCUSSION

(+)-Pseudococaine and norcocaine have been
reported to have greater local anesthetic potency

than cocaine [4-6] while (+)-allococaine and O-ben-
zoylecgonine have been reported to have lower local
anesthetic potency than cocaine [11, 18]. Ecgonine
and ecgonine methyl ester have been reported to be
inactive as local anesthetics [1, 18]. Further, deriva-
tives with the C; substituent in the axial position
have, in general, lower local anesthetic potency than
those with the C; substituent in the equatorial pos-
ition [12]. This ordering of the local anesthetic
potencies of the cocaine congeners correlates well
with the ordering of potencies for sodium channel
inhibitory activity reported here (Fig. 1). Other
physiological activities of these compounds, such as
their sympathomimetic activities, show entirely dif-
ferent ordering of potencies and do not correlate
with sodium channel action [11, 13]. It is concluded
that the sodium channel inhibitory activity of these
compounds is a major contributor to their local anes-
thetic effect in vivo.

Veratridine binds to sodium channels and causes
the channel gates to be held in an open configuration,

cPM X 1073

TIME (mMin)

Fig. 3. Time course of veratridine-stimulated 2?Na* uptake when partially inhibited by atropine. Key:
(@) control; (+) 50 uM atropine; (M) 50 uM atropine + 5 uM veratridine: and (A) 5 uM veratridine.
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Fig. 4. Double-reciprocal plots of veratridine-stimulated
2Na* uptake and its inhibition by cocaine. Key: (O) no
cocaine; (X) 20 uM cocaine; (A) 40 uM cocaine; (+) 80 uM
cocaine; and (O) 160 uM cocaine. Data points are the
reciprocals of the means from three independent deter-
minations of the difference between the stimulated and
control uptake. Data were fitted to the double-reciprocal
plot by linear least squares. The inset is a replot of the
slopes of the double-reciprocal lines versus the concentra-
tion of cocaine. Data were fitted using linear least squares.
The units of the slope are M-cpm™' x 10°.

thus allowing sodium ions to pass through the chan-
nel. Compounds I-VI and X were found to be
single-affinity competitive inhibitors of veratridine
stimulation of ?Na* uptake in the brain membrane
preparation. The inhibition dose curves for these
inhibitors were all found to be parallel with one
another. These findings indicate that the inhibitors
in this group exhibit a common mechanism for
inhibition of sodium channels. There are two basic
possibilities for this type of competitive mechanism.
The first is that the inhibitor binds at the veratridine
binding site and prevents veratridine from binding
without itself activating the channel. The second
possibility is that the inhibitor binds to a site on the
channel which exists only when the channel is closed,
preventing the channel from opening, and that ver-
atridine binds to a distinct site on the channel which
exists only when the channel is open, preventing the
channel from closing. Data presented here do not
permit a distinction between these two possible
mechanisms.

The finding of a common inhibition mechanism
for the series of compounds tested here allows a
structure—activity comparison. (+)-Pseudococaine
(Ila), one of the most potent of the inhibitors
reported here, is 7.1 times more potent than its
enantiomer (—)-pseudococaine (IIb). This demon-
strates a definite stereospecificity for interaction with
the sodium channel. Pure enantiomers of allococaine
(III) and allopseudococaine (IV) were not available
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for this study (the compounds used were racemic
mixtures). If one assumes that the stereospecificity
seen for IIa and IIb holds for III and IV as well,
then the actual potencies of IIla and I'Va (the enan-
tiomers corresponding to natural cocaine) should be
nearly double the values found (expected 1Cso =
0.5(observed 1Csp) + 0.5(observed 1¢5)/7.1).
(+)-Pseudococaine (Ila) the C, epimer of (—)-
cocaine (I) (the natural isomer) has both the C, and
G; constituents of the tropane nucleus in equatorial
positions (Table 1). Compound Ila was 3.3 times
more potent than I where the C, constituent is in
the axial position. C; epimerization of (+)-pseudo-
cocaine (Ila), yielding allopseudococaine (IV),
reduced the potency of the molecule an estimated
4.4-fold (the observed change for the racemic mix-
ture was 7.7-fold). Allococaine (III), in which both
the C; and C; constituents are axial, was less potent
than IV, having an estimated potency 6.5-fold lower
than Ila (the observed change for the racemic
mixture was 11.8-fold). Replacement of the C,
constituent with H and the C; constituent with
-O-C-C(CtHs)~CH,OH in the axial position

o
[atropine (X)] resulted in a molecule 20.6-fold less
potent than (+)-pseudococaine (IIa). Removal of
the O-benzoyl group from the C; position of cocaine,
leaving the hydroxyl [ecgonine methyl ester (IX)],
resulted in approximately a 1000-fold decrease in
potency from Ila.

To summarize, placing the C; constituent in the
axial position (I'V) had a greater effect on reduction
of potency than placing the C; constituent in the
axial position (I). Placing both the C; and C; con-
stituents in the axial positions (III) had a less than
additive effect in reducing the potency of the mol-
ecule. Removal of the C; constituent (IX) resulted
in a much greater reduction in potency than removal
of the C, constituent (X). These findings demonstrate
that, while the C; constituent is important, the C;
constituent is the more important structural feature
of the molecule for interaction with the sodium chan-
nel. This conclusion is supported by the fact that
tropacocaine (C, = H) is a potent local anesthetic
[1].

Removal of the methyl ester from the C; position
of cocaine, leaving the highly polar ionizable acid
group [O-benzoylecgonine (VIII)], reduced the
potency of the molecule approximately 200-fold over
that of IIa. This change had a much greater effect
than replacing the C, constituent with a hydrogen
(X), indicating that the reduction of potency was
largely due to decreases in the lipophilicity of the
molecule. Similarly, removal of the O-benzoyl group
from C; (VIII) had a much greater effect than moving
it to the axial position (III) or modifying it (X), again
indicating that the reduction in lipophilicity of the
molecule is very important in the reduction of
potency. These effects of decreasing the lipophilicity
of the molecule appear to be additive, as was seen
with ecgonine (VII) which was virtually inactive.

Removal of the N-methyl group from cocaine
[norcocaine (V)] or alteration of this group [N-ally-
norcocaine (VI)] resulted in increases of potency
over that of cocaine of 3- to 3.5-fold. Removal of
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the N-methyl group has been predicted to raise the
pK. [19], resulting in a higher proportion of the
charged form at pH 7.5. This change was conse-
quently expected to decrease the lipophilic character
of the molecule. Substitution of the N-methyl group
with an allyl group is predicted to have the opposite
effects. One can speculate that the cationic form has
a higher affinity for the sodium channel than the
neutral form and that the more lipophilic the mol-
ecule the higher its affinity for the sodium channel,
but beyond these generalizations no satisfactory
explanation for this behavior can be offered.

Acknowledgements—The authors wish to express their
appreciation to Dr. Ronald Borne who administered the
NSF undergraduate research participation grant and who
kindly provided the norcocaine and N-allynorcocaine used
for this project. We also wish to thank Dr. Mahmoud
ElSohly for providing samples of ecgonine and O-benzoyl-
ecgonine, Dr. John Bedford for providing cocaine, and Dr.
W. Marvin Davis for providing atropine. This work was
supported in part by National Science Foundation Under-
graduate Research Participation Grant SPI-8026335, the
Faculty Research Award Program of the University of
Mississippi, and by the Research Institute of Pharmaceut-
ical Sciences. School of Pharmacy, University of
Mississippi.

REFERENCES

1. T. P. Carney, in The Alkaloids (Ed. R. H. F. Manske),
Vol. V, p. 211. Academic Press, New York (1955).

2. 1. H. Jaffe, in The Pharmacological Basis of Thera-
peutics (Eds. A. G. Gilman, L. S. Goodman and A.

11.

12.

13.

14.
15.

19.

J.oCoMarriews and AL CoOLLINS

Gilman), 6th Edn. p. 535. Macmillan. New York
(1980).

. A. Groppetti and A. M. DeGuilio. in Cocaine: Chem-

ical, Biological, Clinical, Social and Treatment Aspects
(Ed. S. J. Mulé). p. 91. CRC Press, Cleveland, OH
(1976).

- W. W. Just and J. Hoyer. Experientia 33, 70 (1977).
. R. Foster, H. R. Ing and V. Vargie. Br. J. Pharmauc.

Chemother. 10, 436 (1955).

. H. B. Blaschko, J. M. Himms and B. C. R. Stromblad.

Br. J. Pharmac. Chemother. 10, 442 (1955).

. M. Matsuzaki. P. J. Spingler, E. G. Whitlock. A. L.

Misra and S. J. Mule. Psychopharmacology 57. 13
(1978).

. J. A. Bedford, R. F. Borne and M. C. Wilson, Phar-

mac. Biochem. Behav. 13, 69 (1980).

. A. L. Misra, R. B. Pontani and S. J. Mule, Experientia

32, 895 (1976).

. H. L. Komiskey, D. D. Miller, J. B. Lapidus and P,

N. Patil, Life Sci. 21. 1117 (1977).

N. A. Iskarev, Sb. nauch. Rab. Minskiigos. med. Insi.
23, 7 (1959); Chem. Abstr. 56, 901c (1962).

G. Fodor, in The Alkaloids (Ed. R. H. F. Manske).
Vol. VI. p. 145. Academic Press, New York (1960).
G. Fodor, in The Alkaloids (Ed. R. H. F. Manske).
Vol. XIII, p. 352. Academic Press, New York (1971).
B. Hille, Nature, Lond. 210, 1220 (1966).

J. C. Matthews and J. K. Baker, Biochem. Pharmac.
31. 1681 (1982).

. J. T. Litchfield and F. Wilcoxon, J. Pharmac. exp.

Ther. 96, 99 (1949).

. I. C. Matthews, J. E. Warnick, E. X. Albuquerque

and M. E. Eldefrawi. Membr. Biochem. 4, 71 (1981).

. A. L. Misra, P. K. Nayak, R. Block and S. J. Mule.

J. Pharm. Pharmac. 27, 784 (1975).

A. Albert, in Physical Methods in Heterocyclic Chem-
istry (Ed. A. R. Katritzky). Vol. 1, p. 1. Academic
Press, New York (1963).



