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SUMMARY

HoLbpEN, J. T., RossieRr, J., BEausouaN, J. C., GUYENET, P. & GrLowiNskl, J. (1975)
Inhibition of high-affinity choline transport in rat striatal synaptosomes by alkyl
bisquaternary ammonium compounds. Mol. Pharmacol., 11, 19-27.

The high-affinity choline transport system in rat striatal synaptosomes was inhibited
competitively by a series of long-chain alkyl bisquatérnary ammonium compounds.
BTE18 [octadecamethylenebis(triethylammonium bromide)] had a K, value of 28 nM,
and BHDMI18 [octadecamethylenebis((2-hydroxyethyl)dimethylammonium bromide)]
had a K, value of 75 nM. BTE18 and hemicholinium-3 (HC-3) were equipotent
competitive inhibitors. The transport of neither tryptophan nor dopamine was inhibited
significantly by these compounds. Inhibitory activity increased as the alkyl chain length
was increased, but reached a maximum at 17 or 18 methylene groups for bistriethyl- and
bistrimethylammonium compounds. Triethylammonium compounds were more active
than trimethylammonium compounds. Monoquaternary alkyltrimethylammonium
compounds with 5-12 methylene groups were at least as active as the corresponding bis
compounds. Various other choline-related analogues yielded the following findings.
Hemicholinium-15 was much less active than HC-3. Troxonium and troxypyrrolium
tosylate were moderately effective inhibitors, as was the cholinesterase inhibitor BW 284
C51. Long-chain alkyl bisquaternary ammonium compounds may be useful high-affinity
analogues in studying the properties of this synaptosomal choline transport system.

INTRODUCTION acetylcholine is reflected in the large num-

The physiological importance of choline ber of studies devoted to its transport and

as a precursor of the neurotransmitter
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metabolism in nervous tissue. The exist-
ence of a so-called high-affinity choline
transport system (K,, ~ 1-4 um) has been
detected in several recent investigations
(1-5) in addition to a previously reported
system of lower affinity (6-9). Since this
system may play a special role in the
functioning of cholinergic nerve endings, a
more complete description of its properties
would be desirable. Of special interest is
the identification of high-affinity competi-
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tive inhibitors, since such substances,
beyond their potential pharmacological
usefulness, might facilitate the isolation
and chemical characterization of choline
transport catalysts. A previous report from
this laboratory (4) has demonstrated the
competitive inhibition of the high-affinity
choline transport system in rat striatal
synaptosomes by very low concentrations
of hemicholinium-3 (K, ~ 25 nM). This
report will describe the comparably high
affinity for this system of several long-
chain alkyl bisquaternary ammonium
compounds. These substances inhibit cho-
line transport competitively, and they do
not significantly affect tryptophan or dopa-
mine transport.

MATERIALS AND METHODS

Chemicals. Except for hexamethonium
and decamethonium, the alkyl bisquater-
nary ammonium compounds used in this
study were obtained from Dr. R. B. Barlow,
University of Edinburgh. They have the
general structure (R);—N*—(CH,),—
N*—(R),. Abbreviations described by Bar-
low and Zoller (10) will be used.? These are
summarized in Table 1 together with the
structures of other compounds used in this
study. A series of n-alkyl quaternary am-
monium compounds, referred to as ATM
(Table 1), also were studied. These com-
pounds were obtained from Dr. N. J. M.
Birdsall, National Institute for Medical Re-
search, London, and were recrystallized
from ethanol-ethyl acetate mixtures prior
to use. Some of the inhibition data will be
discussed in terms of the estimated total
chain length of a compound. This refers to
all the atoms in the longest chain, includ-
ing both nitrogen atoms and one of the
other three substituents on each nitrogen
atom. Thus BTE16 has a chain length of 22
and BTM16 a chain length of 20 (Table 1).
The chain length of heterogeneously sub-
stituted compounds (e.g., BHDM18) was

*The abbreviations used are: HC-3, hemicholini-
um-3; HC-15, hemicholinium-15. Additional ab-
breviations for the quaternary compounds studied are
included with a description of these substances in the
text and in Table 1.

calculated using an average value for the
three shorter substituents.

Compound CT 5263, containing two tri-
ethyl substituted quaternary ammonium
groups (11), was obtained from Dr. J. C.
Meunier, Institut Pasteur, Paris. The bis-
normethyl analogue of HC-3 was obtained
from Drs. A. Marquet and B. Moreau,
College de France, Paris. HC-3 and HC-15
were obtained from Aldrich Europe,
Beerse, Belgium. The acetylcholinesterase
inhibitor BW 284 C51 [1,5-bis(4-alkyl-
dimethylammonium phenyl)pentan-3-one
dibromide] was obtained from Burroughs
Wellcome.

Troxonium tosylate (triethyl[2-(3,4,5-
trimethoxybenzoyloxy)ethyl Jammonium p-
toluenesulfonate) and troxypyrrolium to-
sylate (1-ethyl-1-[2-(3,4,5-trimethoxyben-
zoyloxy)ethyl Jpyrrolidinium p-toluenesul-
fonate) were gifts from Dr. F. L. Chubb,
Frank W. Horner, Ltd., Montreal.

[methyl-*H]Choline chloride (16.5 Ci/
mmole), ['*C]choline chloride (61 mCi/
mmole), and [*H]tryptophan (4.7 Ci/
mmole) were obtained from the Radio-
chemical Centre, Amersham. [*H]Dopa-
mine (9.3 Ci/mmole) was obtained from
New England Nuclear Corporation. All
other substances were the highest grade
commercially available.

Striatal synaptosomes. All experiments
were performed using synaptosomes pre-
pared as described previously (4), following
a modification (12) of the method of Gray
and Whittaker (13).

Uptake experiments. Uptake experi-
ments were performed by a previously
described procedure (4) with minor modifi-
cations. Striatal synaptosomes were first
incubated at 37° for 3 min with gentle
shaking under a 95% 0;-5% CO; atmos-
phere in 1 ml of a standard physiological
medium (NaCl, 136 mm; KC1, 5.6 mM;
NaHCO,, 16.2 mM; NaH,PO,, 1.2 mwm;
MgCl,, 1.2 mm; CaCl,, 2.2 mM) containing
glucose (2 mm) and eserine (20 uM) as
described previously (4). Uptake was initi-
ated by adding 50 ul of the glucose- and
eserine-supplemented buffered medium
containing [methyl-*H Jcholine (1.0 uCi;
final concentration at 1.05 ml, usually 2
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uM) and various amounts of the inhibitors
to be tested. Incubations were terminated
after 1 min by the rapid addition of 10 ml of
ice-cold buffered medium lacking glucose.
The cooled tubes were centrifuged at
19,200 x g for 15 min. The supernatant
solution was removed, and the tube and
pellet were rinsed (without disturbing the
pellet) with a second 10-ml volume of cold
buffer. Large buffer droplets were carefully
removed from the inside of the tube by
suction, and the rinsed pellet was resus-
pended in 0.5 ml of 1% Triton X-100. After
standing overnight, 0.3-ml aliquots were
taken for isotope determination and 50-ul
aliquots for protein determination by the
method of Lowry et al. (14) with bovine
serum albumin as standard. Isotope con-
tent was converted to amounts of choline,
using appropriate standards, and all up-
take values were normalized to a standard
synaptosomal protein level (usually 1 g).
All experiments included blank tubes con-
taining a large excess of nonradioactive
choline (final concentration, 10 mMm) to
determine and allow a correction for non-
catalyzed choline uptake. Uptake during 1
min provided an estimate of the initial
transport rate from which kinetic parame-
ters could be calculated.

In some experiments a double labeling
protocol was used to measure simultane-
ously [**C]choline and either [*H jtrypto-
phan or [*H]dopamine uptake. In these
experiments choline was used at a concen-
tration of 2 uM, tryptophan at 5 um, and
dopamine at 0.1 uM, and initial 1-min
uptake rates were determined as described
above. Nonspecific uptake was estimated
in blanks which contained a large excess of
nonradioactive choline (10 mMm) and either
tryptophan (1 mM) or dopamine (0.1 mM).
The findings with dopamine were not sig-
nificantly altered when blanks containing
benztropine, an inhibitor of dopamine up-
take (15), was used to estimate nonspecific
dopamine uptake.

RESULTS

Preliminary experiments revealed that
very low concentrations of several long-
chain alkyl bisquaternary ammonium
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compounds inhibited the high-affinity cho-
line transport system. Accordingly, experi-
ments were conducted to determine the
nature of this inhibition, the susceptibility
of some other transport systems, and the
relation between chain length, nitrogen
substituents, and affinity for the transport
catalysts.

Competitive inhibition by BTEI8 and
BHDM18. The triethyl-substituted C,,
compound BTE18 and the corresponding
dimethylhydroxyethyl compound BHDM18
both inhibited the high-affinity choline
transport system in a competitive manner
(Fig. 1A and B). The data provide the fol-
lowing estimates of K, values: for BTE18,
28 nM, and for BHDM18, 75 nM. These
values fall in the activity range previously
reported (4) and repeatedly confirmed dur-
ing this study for HC-3 (approximately 25
nM). There was no indication that inhibi-
tion was dependent on the presence of a
hydroxyl group.

Specificity of inhibition by alkyl bis-
quaternary ammonium compounds. Al-
though the competitive nature of choline
transport inhibition was clearly estab-
lished, these experiments did not preclude
an effect of these compounds on other
transport systems, especially since these
substances might have detergent proper-
ties (10). However, as shown in Fig. 2 and
Table 2, transport systems for tryptophan
and dopamine were not significantly af-
fected by relatively high concentrations of
several bisquaternary compounds. Since
dopamine uptake, like high-affinity cho-
line transport, is stimulated by sodium ion,
these experiments also indicated that the
inhibition of choline transport is not likely
to be related to antagonistic effects on an
ion-dependent, energy-coupling mecha-
nism.

Effect of chain length on inhibition of
choline transport. Figure 3 illustrates the
effect of chain length on the relative inhibi-
tory activity of compounds in the bis-N-
triethyl and bis-N-trimethyl series. Com-
parisons were made in terms of the concen-
tration of each substance required to re-
duce the initial transport rate to 60% of the
control value (40% inhibition). Using the
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FiG. 1. Competitive inhibition of choline uptake by BTE18 (A) and BHDM18 (B)
Initial rates of [*H]choline uptake were measured using choline at 1 uM (O——0), 2 uM (A——A), 4 uM
(x——x), and 8 uM (@——@), in the absence and presence of the indicated concentrations of inhibitor. The
intersection of the reciprocal rate curves for the four choline concentrations indicates K, values of 28 nm for

BTE18 and 75 nm for BHDM18.

substrate choline at 50% (2 uM) of its K,,
value (4 uM), a competitive inhibitor would
reduce the transport rate to 60% of the
control level at a concentration which cor-
responds to its K, value. HC-3 was used in
each experiment as a control to verify the
degree of sensitivity of each synaptosomal
preparation to inhibition by bis-onium
salts. In a large series of experiments 40%
inhibition of choline transport was ob-
served with HC-3 concentrations between
20 and 29 nMm, with an average value of 24
nM, in good agreement with the previously
reported K, value of 25 nm (4). While the
comparative data in Fig. 3 represent ap-
proximate estimates, it should be noted
that the concentration of BTE18 producing
40% inhibition in these experiments (41
nM) also agreed fairly well with the K,
value (28 nM) obtained in the experiments
summarized in Fig. 1A.

There was a regular increase in the
apparent affinity in both series of com-
pounds as the chain length was increased.
Compounds in the BTE series were more

effective than these in the BTM series
when compared on the basis of either equal
total chain length (e.g., chain length 18;
BTE12 vs. BTM14) or the length of the
alkyl constituent (BTE12 vs. BTMI12).
Both series of compounds displayed a peak
affinity which occurred at chain length 22
for BTM and between 23 and 24 for BTE
compounds, corresponding to alkyl chains
of 18 methylene groups in the BTM series
and either 17 or 18 methylene groups in the
BTE series. In the BTM series there was a
sharp reduction in affinity somewhere be-
tween BTM10 (decamethonium) and
BTM6 (hexamethonium). BTE com-
pounds of comparably short chain length
were not available for testing.

Several N-trimethyl monoquaternary
ammonium compounds (designated ATM)
also were tested (Table 3). ATM12 (chain
length 14) had an apparent affinity approx-
imately equal to the comparable BTM
compound (BTM10). At shorter chain
lengths the monoquaternary compound
was distinctly more active than the compa-
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F16. 2. Specificity of choline transport inhibition
by BTE18 (O——O) and BHDM18 (6——@).

Striatal synaptosomes were incubated for 1 min
with [**C]choline (2 uM) and [*H }Jtryptophan (5 um)
to measure the transport rates of these substances
simultaneously in the absence and presence of BTE18
and BHDM18 at the indicated concentrations.

TABLE 2

Comparative sensitivity of choline and dopamine
transport to inhibition by bisquaternary ammonium
compounds

Striatal synaptosomes were incubated at 37° for 1
min with [**C]choline at 2 uM and [*H]dopamine at
0.1 uM as described under MATERIALS AND METHODS.
Uptake of both isotopes was corrected using the
appropriate blank controls. The values shown are
percentages of the uninhibited control rates. Closely
similar values were observed in another experiment,
in which dopamine and choline uptake were measured
separately.

Compound  Concen- Rate
tration
Choline  Dopamine

M % control
BTE18 10-¢ 10 73
10-* 5.2 106
BHDM18 10-¢ 16 91
10-* 5.3 73
BHDM10 10-* 15 121
HC-3 10-¢ 23 91
10-* 17 92
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Fic. 3. Effect of chain length on inhibition of
choline transport in striatal synaptosomes by BTM
and BTE compounds.

[*H)-Choline uptake was determined in the ab-
sence and presence of the inhibitors at several concen-
trations that would progressively reduce the initial
transport rate by 20-80%. Graphical analysis of these
data yielded the indicated values for the inhibitor
concentration that reduced the transport rate to 60%
of the control value (40% inhibition). In all cases the
choline concentration was 2 uM. The values shown
represent averages of at least two experiments. HC-3
was used in all experiments as a control to verify the
sensitivity of each synaptosomal preparation to inhi-
bition by a bis-onium compound.

rable bis compound. ATM10 and ATM12
were essentially equally active, indicating
either a leveling off or a peak in the chain
length-activity relationship.

Inhibitory activity of additional com-
pounds. Table 4 summarizes the results of
choline transport inhibition experiments
using various additional substances. The
N-hydroxyethyldiethyl compound BHDE10
was slightly more active than the corre-
sponding dimethyl compound, BHDM10.
Both compounds were slightly less active
than the comparable BTE or BTM com-
pound of equal chain length. HC-15, which
corresponds to one half the HC-3 molecule,
was several orders of magnitude less active
than HC-3, and the bisnormethyl analogue
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of HC-3, which lacks quaternary nitrogen
groups, was essentially inactive even at 10
uM.

Compound CT 5263, which has been

TABLE 3

Effect of alkyltrimethylammonium compounds on
choline transport

Initial rates of [*H)choline transport were mea-
sured from a 2 uM solution as described under
MATERIALS AND METHODS. Rates in the absence and
presence of several concentrations of the indicated
quaternary ammonium compounds were used to esti-
mate the percentage of the control rate at these
inhibitor concentrations. A plot of these data was
used to estimate the inhibitor concentration that
reduced transport to 60% of the control rate. The
values shown represent averages of two experiments.
BTM data are from Fig. 4.

Chain ATM BTM
length
No. Concentration No. Concentration
for 60% of for 60% of
control rate control rate
M M
7 5 1.3 x10°¢
9 1 2.8 x 10-*
10 8 2.5x%x10°* 6 6.9 x 10
12 10 2.4x 10"
14 12 2.7x10"* 10 2.2x10°¢

25

used in affinity columns for the purifica-
tion of an acetylcholine receptor (11), was
only as active as HC-15. On the other
hand, the acetylcholinesterase inhibitor
BW 284 C51 was a relatively effective
inhibitor of choline transport. The trime-
thoxybenzoic acid esters troxonium tosyl-
ate and troxypyrrolium tosylate were ac-
tive in the 0.1 uM range. Papaverine, which
has recently been reported to inhibit cho-
line transport competitively in hepatoma
cells (16), was without significant effect in
this striatal synaptosome system. Iodoacet-
amide up to 1 mM was not inhibitory, and
N-ethylmaleimide was only slightly inhibi-
tory at 1 mM.

DISCUSSION

The experiments reported here have
demonstrated that long-chain alkyl bis-
quaternary ammonium salts are very effec-
tive competitive antagonists of high-affin-
ity choline transport in rat striatal synap-
tosomes. In some cases the K, values ob-
served were 50-100 times lower than the
apparent K, of choline for this system, and
in the range previously found for the highly
effective inhibitor HC-3. These findings
suggest that such compounds might be

TABLE 4
Inhibition of choline transport by various drugs and metabolic inhibitors
Initial rates of [*H Jcholine transport were measured from a 2 uM solution as described under MATERIALS AND
METHODS in the absence and presence of the indicated concentrations of various inhibitors. The rates in the
presence of inhibitor are presented as a percentage of the control, uninhibited rate. The data shown are single
estimates from several experiments in which the control rate varied from 45.0 to 53.3 nmoles/min/g of protein.

Compound Rate at Concentration for
60% of control
10" M 10-*Mm 10-°m 10-*mMm 10-*mMm rate
% control M

BHDM10 76 33 9.6 2.5x 10"
BHDE10 54 25 5.0 8.3 x 1077
CT 5263 91 48 217 5.2x10°¢
BW 284 C51 80 50 16 6.8 4.1 x 1077
HC-15 91 56 7.7 x10°¢
Bisnormethyl HC-3 94 96 89 >10-*
Troxonium tosylate 104 49 31 18 6.3 x 1077
Troxypyrrolium tosylate 66 38 23 12 1.7 x 107
Triethylcholine 83 64 1.5 x 10
Papaverine 92 80 86 >10-*
Iodoacetamide 99 102
N-Ethylmaleimide 88 77 >10-?
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usefully employed in the isolation and
characterization of the substrate specific-
ity-conferring component(s) of the choline
transport system.

The pharmacological properties of these
compounds have been investigated previ-
ously, using several peripheral nervous sys-
tem preparations. For example, Barlow
and Zoller (10) demonstrated that com-
pounds in the BTE series had neuromuscu-
lar and ganglion-blocking activities which
progressively increased and reached a max-
imum as the polymethylene chain was
lengthened up to 15-17 units. In the BTM
series ganglion-blocking activity reached a
maximum at a slightly longer (n = 16-18)
chain length. These findings resemble the
observations made in the present study,
which indicate that choline transport was
maximally inhibited by BTE17 or 18 and
BTM18. While the ganglion- and neuro-
muscular blocking activities of these com-
pounds may include effects on pre- and
postsynaptic cholinergic receptors, the co-
incidence in the two sets of data suggests
that the physiological response to these
substances may also involve inhibition of
presynaptic choline uptake, resulting in
decreased acetylcholine release.

Several previous investigations also con-
sidered the effect of some of these com-
pounds on choline transport. Martin (17)
observed a progressive increase in the affin-
ity of alkyl mono- and bistrimethylam-
monium salts for the choline transport sys-
tem of human erythrocytes as chain length
was increased. A maximum in the inhibitory
activity-chain length curve was not ob-
served, but the experiments did not in-
clude compounds with polymethylene
chain lengths longer than 22 (BTM18). The
reduction in affinity of these compounds
was much less pronounced for the striatal
choline transport system than in the
human erythrocyte when the polymeth-
ylene chain was shortened from 18 to 10
units. As a result, BTM10 had an affinity
50-100 times greater for the rat striatal
than for the erythrocyte transport system.
Another consequence of this more gradual
decline in affinity was that decametho-
nium (BTM10) and ATM12 (chain length

14) had essentially equal inhibitory activ-
ity, whereas in the red cell the monoquater-
nary salt had an affinity almost two orders
of magnitude greater than the correspond-
ing bis compound. It is not known to what
extent these differences in response ob-
served with human erythrocytes and rat
striatal synaptosomes originated in differ-
ences in the choline transport catalysts or
in neighboring membrane components.

The ability of decamethonium and hex-
amethonium to inhibit choline uptake in
guinea pig cortical synaptosomes also has
been reported by Hemsworth et al. (18).
However, the choline transport system
studied had an apparent K,, of 152 uM and
the bis-onium compounds had a much
lower affinity than was observed in the
present study.

Yamamura and Snyder (5) recently de-
scribed the sensitivity of the high-affinity
choline transport system in rat striatal
synaptosomes to a variety of inhibitors,
including iodoacetamide and N-ethylmale-
imide, both of which were observed to be
more effective than we found them to be.
This difference may be due to procedural
differences in the two studies. Yamamura
and Snyder incubated synaptosomes with
prospective antagonists for 10 min prior to
choline addition, whereas in our study
antagonists and choline were added simul-
taneously to the synaptosome suspension.

The trimethoxybenzoic acid esters trox-
onium tosylate and troxypyrrolium tosyl-
ate have prejunctional blocking effects in
peripheral nervous system preparations
that are antagonized by choline, implying
an effect on choline transport and/or ace-
tylcholine synthesis (19, 20). In keeping
with these findings, both substances inhib-
ited synaptosomal choline transport at rel-
atively low concentrations (0.63 and 0.17
uM, respectively). The substantially lower
efficacy of triethylcholine as a competitor
indicates that troxonium tosylate acted as
a competitor without prior hydrolysis to
yield triethylcholine.

BW 284 C51, a relatively specific inhibi-
tor of the so-called true cholinesterase,
clearly inhibited the high-affinity choline
transport system in rat striatal synap-
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tosomes.® It appeared to have a similar
affinity for this transport system and the
acetylcholinesterase in rat brain and
human red cells. The inhibition of choline
reuptake by BW 284 C51 would tend to
counteract its effectiveness in prolonging
synaptic acetylcholine activity.

Finally, it should be noted that while a
few of the alkyl bisquaternary ammonium
compounds approached the activity of
HC-3 as antagonists of the synaptosomal
high-affinity choline transport system,
none of them was distinctly superior to
HC-3 in this respect. They do, however,
provide an alternative high-affinity molec-
ular probe for some components of this
system.
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