
.
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binding of [3H]-ligand minus binding in the

presence of an excess concentration of non-
radioactive control ligand (200 flM or 1 �tM

apomorphine for [3H]-apomorphine assays;
1 /.LM dopamine for [3H]-dopamine assays
and 50 flM spiperone for [3H1-spiperone as-
says). Stereospecific binding was defined as

binding in the presence of the less active
enantiomer (e.g., (+)-5-OH-AT at 70 nM;
(-)-butaclamol at 100 nM) minus binding

in the presence of the same excess of the

more active enantiomer for any given con-

centration of test-ligand.

RESULTS

Competition by (-)-5-OH-AT and (+)-5-
OH-AT for specific [3H]-apomorphine and
specific [3H]-dopamine binding is shown in
Fig. 2. In competing for [3H]-apomorphine
binding, the (-)-enantiomer with an IC50 of
18 n� showed 20-fold higher affinity than
the (+)-enantiomer. The active (-)-5-OH-

AT showed saturable competition above

about 200 nM. Almost all [3HJ-apomorphine
binding which was displaceable by 1 �M

apomorphine was also displaceable by (-)-

5-OH-AT. Competition for [3H]-dopamine
binding followed the same pattern, with

(-)-5-OH-AT displaying an IC50 of 4 n�i,
that is, a 50-fold higher affinity than (+)-5-
OH-AT. Again, (-)-5-OH-AT at 100 n�i
displaced almost as much [3H]-dopamine
binding as did a 1 /.LM dopamine excess.

Maximal differences in competition by
the 5-OH-AT enantiomers for [3H]-apo-
morphine sites occurred at concentrations
between 50 and 500 flM (Fig. 2). Accordingly

a concentration of 70 n� for both the (-)
and (+) enantiomers of 5-OH-AT was used
in measuring the number of [3H]-apomor-

phine sites that are stereospecific to this
agonist. The binding isotherm for [‘H]-apo-
morphine in the presence of 70 n�t (-)- or
(+)-5-OH-AT (Fig. 3, top) indicated that
these sites were saturated by [3H]-apomor-
phine above 10 ni�i. Analysis of the corre-

sponding Scatchard plot of these data (Fig.
3, bottom) gave a KD for the sites of 5.4 iIM

with the total number of sites as 110

fmoles/mg protein. These results were sim-
ilar to previous results (12) from this labo-
ratory for [3H1-apomorphine binding ster-

- . 5 Ills A

� 3Ofl H#{149}apomorphrne nM

�

� 2O�

bound Hapomorphine fmoles/mg

FIG. 3. Stereospecific adsorption of[3H/-apomor.

phine in the presence of(+). or (-).5.hydroxy.N,N.di.

n.propyl-2-aminotetralin [(+)- or (-) -5-OH-A TI

Stereospecific binding was defined as [‘Hi-apomor-

phine bound in the presence of 70 nM (+)-5-OH-AT

minus that bound in the presence of 70 flM (-)-5-OH-

AT. Scatchard analysis indicated the total number of

such sites to be 110 fmoles/mg protein. The dissocia-

tion constant for the sites was 5.4 nM. Each point is

the result of determinations in quadruplicate of the

binding in the presence of each stereoisomer.

eospecific to the dopamine-receptor antag-
onist (+)-butaclamol (at l0�M concentra-
tion for its enantiomers). A KD of 3.5 n�i
and total sites of 124 fmoles/mg protein
had been measured in that instance.

In Fig. 4, competition for [3H]-apomor-

phine sites stereospecific to l0�M (+)-bu-
taclamol is shown for the enantiomers of 5-
OH-AT. The IC50 values were 18 n� for
(-)-5-OH-AT and 350 nM for (+)-5-OH-AT.
Their values were thus virtually identical
to the corresponding IC50 values obtained
when competition for total specific [3H]-
apomorphine sites had been measured (cf.

Fig. 2).
The effect of shifting the position of the

hydroxyl group on the aromatic ring was
next studied. The compounds (±)-5-OH-
AT, (±)-6-OH-AT and (±)-7-OH-AT were
each tested for competition for [3H]-apo-
morphine and [3H]-dopamine sites, using
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FIG. 4. The displacement of butaclamol-stereospecifio [‘3HJ-apomorphine binding by the (+)- and (-)-

enantiomers of 5-hydroxy-N,N-th-n -propyl-2-amznotetralin

Stereospecific binding of �H]-apomorphine was here defined as that amount bound in the presence of 1 jaM

(-)-butaclamol minus that bound in the presence of 1 jaM (+)-butaclamol, the active neuroleptic; (-)- or (+)-

butaclamol was present in every tube. Points are mean ± SEM (sextuphicate determinations).
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the presence of 200 ni�i apomorphine or
l0�M dopamine as respective controls for
non-specific binding. Figures illustrates the
relative potencies of the various structural
isomers. The IC50 values for [3H]-apomor-
phine specific binding were 24 n�i for (±)-
5-OH-AT, 520 nM for (±)-7-OH-AT and 900

flM for (±)-6-OH-AT. The corresponding
IC� values for specific [1H]-dopamine bind-

ing (Table 1) were 12, nr�i, 88 n� and 290
flM (see also Fig. 6).

In both instances the (±)-5-OH-AT
structural isomer, the analogue of dopa-
mine in the a-rotamer conformation,
showed higher affinity than did its 6- or 7-

hydroxylated congeners. The difference in
affinities was more marked for [aH]�apo�
morphine sites (a 22- to 38-fold difference)

than for [1H]-dopamine sites (a 7- to 24-fold
difference).

ICr�) values for inhibition of [IH]�spipe�

rone binding by apomorphine and dopa-
mine (Table 1) were approximately the
same as those reported by Leysen et al. (18)
but were about threefold higher than values

reported by Creese et al. (19). This differ-
ence may simply reflect the fact that at the
total concentration of 0.03 n�vi [3H]-spipe-

none in our assay system only about half of
that concentration is free in the aqueous
phase at equilibrium. Most of the remain-
der is bound to [3H]-spiperone receptors,
which exist at a final concentration of about
0.04 n� in our assay system. Because the

[3H]-ligand and receptor concentrations are
roughly equal and close to the KD, the effect
of increasing concentrations of competing

ligands is initially to actually increase the
free [IH]�spiperone concentration at equi-
librium, thus shifting ICso values upward.

Affinities vary inversely with dissociation
constant KD. The Cheng-Prusoff equation
(20) expresses a relation between IC50 val-
ues and KD values for a test ligand A com-
peting with another (e.g., radio-labelled)
ligand B:

AK, = A�/(1 + [B]/BK,).

From scatchard data (to be published) the
K1 for [3H]-apomorphine specific binding is
3.2 flM and for [3H]-dopamine 1.6 nsi. Thus,
to convert any [3H]-apomorphine IC50 value

in this publication to the corresponding KD

value you must divide the IC50 by 2.09.

Similarly, with [1H]-dopamine IC50 values,
division by 1.31 produces the corresponding
KD.
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FIG. 5. The displacement of specific [H/-apomor.

phine binding and specific [3HJ-dopamine binding

by the racemates of 5-OH-AT, 6-OH-AT and 7-OH-

AT
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DISCUSSION

These results are the first demonstration

of steneoselectivity by a dopamine agonist
in binding to the dopamine receptor (ex-
cepting enantiomers of norepinephnine and
epinephrine in ref. 21).

Both R-(-)-apomorphine and (±)-5-OH-
AT can be considered as semi-rigid ana-
logues of dopamine in the a-rotamer (22) or

trans-cisoid (23) conformation (Fig. 1). The
“trans-cisoid” terminology has sometimes

been used inconsistently in the literature
(24), and so the a/$-rotamer terminology is
to be preferred. The most useful terminol-

ogy, however, is that in which the mean
values of the dihedral or torsion angles (T1,
T2) for the two degrees of rotational free-
dom about the ethylamine side-chain are
estimated in degrees, as defined by Bergin
(25), Pullman (26) and Grol (27). Figure 7
illustrates the conformation of the dopa-
mine moiety in R-(-)-apomorphine as de-
termined by the x-ray crystallographic
work of J. Giesecke (28). Giesecke found

two almost identical shapes for R-(-)-apo-

morphine2 with dihedral angles (T1, T2) of
(-133#{176}, -178#{176}) and (-146#{176}, -178#{176}). Figure
7 (left) represents the mean conformation

(-139.5#{176}, -178#{176}) of the dopamine moiety
in these two forms of apomorphine. It is
apparent that R-(-)-apomorphine contains
the a-rotamer dopamine conformation (Fig.
7, right).

In derivatives of 2-aminotetralins, the 2-
amino groups can assume the axial or equa-
torial position with respect to the saturated
ring. However, the presence of bulky N,N-

di-n-propyl-substituents on the amine
causes severe steric hindrance in the N-
axial conformation, as can be readily seen
with CPK space-filling models. The equa-
torial conformation is thus probably pre-
ferred. Cannon (22) refers to spectral data
that also support this conclusion.

The dopamine moiety contained within

(-)-5-OH-AT is then described as an a-
rotamer of conformation (-160#{176}, -170#{176})�

Actually Giesecke’s data inadvertently described

S-(+)-apomorphine, but the transformation to R-

(-)apomorphine is trivial, involving only a change of

sign for T, and T0.

Measured ± 50 using metal Dreiding models

(BOchi/Brinkmann Co.).

moles/liter

10�’ 10� 10�

Specific binding was defined as the total binding of

the radioligand minus that in the presence of either

200 nM apomorphine or of 1 jaM dopamine (for the

respective [‘H]-ligands). Each point represents a de-

termination in quintuplicate or sextuplicate ± SEM.

or its mirror image (+160#{176}, +170#{176}). We
cannot distinguish between these two ab-
solute conformations4 since no suitable
spectroscopic or synthetic data have yet

Confusion persists in the proper use of the terms

conformation and configuration. Conformation refers

to the shape of an entity as described by signed torsion

angles, while configuration describes the order of

groups about an asymmetric center. We have used the

term absolute conformation to describe a structure

with a set of torsion angles of a particular sign, to

differentiate between it and one of the opposite con-

formation, that is, one having equal torsion angles but

of opposite sign. Such compounds, if nonsuperimpos-

able and rigid, must be enantiomers, while, if flexible,

they may be of the same configuration (or may indeed

lack an asymmetric center, as does dopamine).
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morphine and [HJ-dopamine sites (in A), and [3HJ-apomorphine and [3H/-spiperone sites (in B). Data are

taken from Table I

In our assay the dissociation constants (Ko) for [‘H]-apomorphine, [‘H]-dopamine and [‘H]-spiperone

specific binding are respectively 3.2 nsi, 1.6 n� and 0.10 nM. Thus, the inhibitory dissociation constants (K,�), as

determined by the Cheng-Prusoff equation, are essentially identical to the IC5 values above for [‘HI-dopamine,

but not for [“H]-apomorphine assays where the K11 values are 0.48 times the IC5, values, nor for [‘HI-spiperone

assays, where K0 values may be #{188}or less of IC5, values (see RESULTS).
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TABLE 1

Concentrations of ligands producing 50% inhibition of specific binding (i.e., IC5 values) of[H1-dopamine (0.5

nM), [H]-apomorphine (3.5 nM), or [‘H]-spiperone (0.03 nM) Specific binding was defined as in Fig. 5. Assays

involved four or six concentrations of a test-ligand, each done in quintuplicate or sextuplicate. Each assay was

replicated at least once and standard errors (or range if N = 2) of log IC5 values were always less than 0.15.

IC5, (nM)
[‘H}-Apo- [H]-Dopa-
morphine mine [‘H]-Spiperone

Dopamine 2.0 ± 0.7 1.5 ± 0.2 17,500 ± 2500

N,N-di-n-propyldopamine 75 ± 16 15 -

R-(-)-apomorphine 3.8 ± 0.5 3.7 ± 0.3 750 ± 130

R-(-)-N-n-propylnorapomorphine 4.0 ± 0.8 3.4 ± 0.2 150

m-tyramine 112 ± 18 37 ± 8 -

p-tyramine 520 ± 100 - -

(-)-5-OH-N,N-(CH-)-2-aminotetralin[(-)-5-OH-ATI 18 ± 2” 4 ± 0.8 190 ± (10

(+)-5-OH-N,N-(C,H7))-2-aminotetralin[(+)-5-OH-ATI 360 ± 40” 200 ± 30 2050 ±450

(±)-5-OH-N,N-(CH7)2aminotetralin[(±)5OH.AT] 24 ± 6 12 ± 4 290 ± 60

(±)-6-OH-N,N-(CHO))-2-aminotetralin[(±)-6-OH-ATI 900 ± 100 290 ± 38 6000 ± 1000

(±)-7-OH-N,N-(CH7)2-2-aminotetralin[(±-7-OH-AT] 520 ± 70 88 ± 9 1450 ± 150

Concentration of apomorphine for specific binding controls was 10’M for [‘HI-apomorphine assays of these

ligands.

-(±1-5-OH-AT

(-1-5-OH-AT

been published for these stereoisomers.
However, we can see that the first confor-

mation, (-160#{176}, -170#{176}) (i.e., the 2S enan-
tiomer) is rather similar to the dopamine
conformation (-139.5#{176}, -178#{176}) in R-(-)-
apomorphine (Fig. 7). Since the receptor
for E:IHlapomOrphine shows high stereo-
specific affinity for both R-(-)-apomor-

phine and for (-)-5-OH-AT we may predict

that (-)-5-OH-AT will prove to be the 2S

enantiomer with conformation (-160#{176},
- 170#{176}).

The basic line of argument used above is
that high affinity of a ligand for a high-
affinity receptor of a rigid dopamine ana-
logue implies a similar dopamine-moiety
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FIG. 7. The dopamine molecule in the conformation assumed by the dopamine moiety in R-(-)-apomorphine

This seems the most probable conformation of dopamine at the apomorphine receptor. The dihedral or

torsion angle T, = T (Ce-Ci-C,rC,,) is defined as the angle between the planes C�-C-C,1 and C,-C,1-C,. when

viewed along their common intercept line C,-C,, from the negative Z direction (indicated by the small arrow in

the left figure). The sign of this torsion angle is negative by convention, since counterclockwise rotation of the

second plane (Ci-C,rC,) occurred about the line C,-C,, from an initial position coincident (T1 = 0) with the first

plane. This is illustrated by the figure on the right, which is a view of the same dopamine conformation from the

negative Z direction. The dihedral angle T1 = - 140#{176}is indicated by the curved arrow traveling counterclockwise.

In the left figure, the two small circles straddling one of the nitrogen bonds signify a lone-pair of electrons. Its

probable orientation at the receptor can be inferred from Giesecke’s crystallographic data (28) to be as shown

above. Since in R-(-)-apomorphine the nitrogen is a tertiary amine with the methyl group in the equatorial

position then, assuming sp’ hybridization about the nitrogen, the dihedral angle T� = T(C,1-C,.-N-lone-pair) is

T� = +55#{176}.If this lone-pair is involved in hydrogen-bonding to the receptor it probably acts as a proton acceptor,

as is generally the case with tertiary amines.

conformation in the binding ligand. It is
then not surprising that the a-rotamer an-
alogue (±)-5-OH-AT has a much higher
affinity for the [3H]-apomorphine receptor

than does the $-rotamer analogue (±)-7-
OH-AT (or than the symmetric rotamer
analogue (±)-6-OH-AT). The fact that the

[3H]-dopamine receptor also displays pref-
erential affinity for the a-rotamer (±)-5-
OH-AT is good evidence that both [3H]-
dopamine and [3H]-apomorphine are in fact
binding to the same receptor.

The good correlation between binding

of these ligands to [3H]-apomorphine and

[3H]-dopamine receptors as shown in Fig.
6A also supports the identity of these two

binding sites. It is further probable that,
since both radioligands bind to a receptor

that shows preferential affinity for (-)-5-
OH-AT over (+)-5-OH-AT, the absolute
conformation of dopamine preferred at the
receptor-site is close to (-160#{176}, -170#{176}).

The Cheng-Prusoff equation implies that
if [3H]-apomorphine and [3H]-dopamine

sites are identical, then IC�o values of
[1H]-apomorphine should be greater by a
constant factor of 1.6 from corresponding
IC50 values of [3H]-dopamine. That this in
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Tedesco, J. L., unpublished data.

fact does not hold for some ligands (Table
1), though the general correlation does
hold, is consistent with the existence of a

minor component of [3H]�apomorphine
binding that is saturated under the condi-
tions of this assay. Further evidence for two
high-affinity receptor populations comes
from a biphasic scatchard analysis of [IHJ�

apomorphine binding5 indicating a small

number (50 fmoles/mg protein) of very high
affinity (0.48 nM) [IH]�apomorphine recep-
tors in calf striatum. The strong suggestion

in Fig. 5 of a biphasic pattern to the com-

petition curve for (±)-7-OH-AT is possibly
a data-artefact ascribable to different per-

sonnel having contributed to different con-
centration ranges for that particular com-
pound. If in fact the biphasic element can

be replicated it would provide further sup-
port for the existence of two high-affinity
[1HJ-apomorphine sites.

The presence of a dipropyl function on

the amine nitrogen of dopamine seems to
lower its affinity for the [3H]-apomorphine
and [1H]-dopamine receptor at least 10-fold
(Table 1). However, since R-(-)-N-n-pro-
pylnorapomorphine is about equipotent

with dopamine and apomorphine, the pres-
ence of bulky propyl functions must not per
se interfere with binding. Rather their pres-
ence on the flexible side-chain of dopamine
probably reorients the nitrogen or its lone

electron pair to a position unfavorable for
binding.

An alternative explanation is provided by
Ginos et a!. (29, 30). They have observed
that N,N-n-butyl-n-propyl-dopamine has
considerable potency in various dopami-
nergic bio-systems. In contrast, the N,N-di-
n-butyl derivatives of both dopamine (31)#{176}
and 5,6-dihydroxy-2-aminotetralin (1) are
essentially without activity. Since corre-
sponding N,N-di-n-propyl homologues are
quite potent in these systems, Ginos et al.

suggest that the N-n-propyl group specifi-
cally interacts with the receptor to facilitate

binding. This is not incompatible with our
above suggestion, since such an interaction
might be the mechanism facilitating proper
nitrogen lone-pain orientation. This labo-

ratory has recently reported evidence for

the necessary involvement of the lone-pair
in binding to the dopamine receptor (32).

As Figs. 2 and 4 illustrate, the 20-fold
preferential affinity of the [�H]-apomor-
phine receptor for (-)-5-OH-AT over (+)-

5-OH-AT is also found when the [3H]-apo-
morphine binding is to receptors that are
stereospecific to the neuroleptic butaclamol

(106 M). This is consistent with the idea

that the anti-psychotic receptor is physi-
cally identical to the [3H]-apomorphme/
[:aHldopamine receptor. One laboratory

(33) has reported that in vivo binding as-
says of mouse whole brain show that apo-
morphine may compete effectively at very

low doses (ID50 = 0.3 mg/kg, i.v.) for [1H]-
spiperone labeled receptors. This also
would be consistent with identical agonist

and antagonist receptors, with perhaps two
conformations existing that are readily re-
versible in vivo but not in vitro.

However, there exists other evidence that
in fact the [3H]-dopamine receptor and the
[1H]-neuroleptic receptor are two distinct

and separate species. High affinity binding
of the dopamine agonists [1H]-dihydroer-
gocryptine and bromocryptine to neurolep-

tic receptors (after blockade of alpha-nor-
adrenergic receptors with phentolamine)

(34) does not seem compatible with the
two-conformation hypothesis. Recent ani-

mal lesion (35) and human postmortem (36)

studies show that the number of [:aHIapO
morphine sites in brain can decrease by 40
to 70% while [�H]-ha1operidol sites increase
or remain constant.

In the present study a correlation was
found between affinities for [3H]-apomor-
phine and [3H]-spiperone receptors for the
enantiomers and positional isomers of
monohydroxy-2-aminotetralins. This is an
interesting phenomenon, but we do not con-
sider it strong evidence for the identity of
the neuroleptic and dopamine-agonist re-
ceptors for two reasons. First, the slope in

Fig. 6B is significantly greater than 1.0. A
plot of the dissociation constants K1 in-
stead of the IC50 values would simply fur-
ther increase this slope slightly. Secondly,
the affinities of these ligands are 14- to 20-
fold less for [IH]�spiperone sites than for
[‘H]-apomorphine sites. Both of these facts
are difficult to reconcile with the idea of
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identical receptors for both neuroleptics
and dopamine agonists.

Rigid monohydroxyl analogues of dopa-
mine are useful in assessing the relative

contributions of the hydroxyl positions to
receptor-binding. A limitation of this ap-

proach is that it cannot control for any
interactions between the adjacent ring-hy-
droxyls that may occur in catechol com-

pounds. Dihydroxy-2-aminotetralins have
therefore been of more interest generally

since they are closer analogues of dopa-
mine. However, binding affinities of these
compounds5 (37) do not correlate well with

their published biological activities in pro-
ducing stereotyped behavior (4, 38) or in
producing peripheral vasodilation (39).
Lack of correlation can, of course, be attrib-
uted to a number of possible causes. The
authors believe an important reason to be
that, in biological systems, primary and sec-
ondary amines are more susceptible both
to compartmentation by lipid barriers and
uptake mechanisms as well as to possible
metabolization by monoamine oxidases.
These factors should not play any major
role in assays of binding affinity in vitro.

Another possibility, though, is that some of

these ligands may have some antagonist
properties which may contribute to binding
but not to bio-activity.

The $-rotamer analogue 6,7-dihydroxy-2-

aminotetralin (ADTN) is potent in most of
such dopamine-receptor model systems, in-

cluding the binding to [3H]-apomorphine
receptors, despite the fact that apomor-
phine is itself an a-rotamer analogue. In
contrast, the $-rotamer analogue isoapo-
morphine (9,10-dihydroxy-aporphine) is al-
most inactive in binding to either [1H]-apo-

morphine, [1H]-dopamine or [3H1-spipe-
none.5 Thus, it is necessary to examine this
question of optimal conformation from new
perspectives. One aspect to study more
closely concerns the relative contribution
that electrostatic and electron donor-accep-
tor complexes (such as charge-transfer and
hydrogen-bond complexes) can make in
binding to a given receptor active-site when
the amine varies from a primary to a sec-
ondary to a tertiary state. Another impor-
tant factor to examine is the absolute con-
figuration of these dihydroxyl compounds

that actually binds to the receptor. All such
dihydroxyl compounds tested so fan have
been racemic mixtures.
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SUMMARY

TsAI, M.-C., A. C. OLIVEIRA, E. X. ALBUQUERQUE, M. E. ELDEFRAWI AND A. T.

ELDEFRAWI: Mode of action of quinacnine on the acetylcholine receptor ionic channel

complex. Mol. Pharmacol. 16, 382-392 (1979).

The effect of quinacnine was studied on neuromuscular transmission in frog sartorius and
rat soleus muscles and on the binding of ligands to the electric organ of Torpedo ocellata.

Quinacrine (30-200 �zM) blocked neuromuscular transmission in both muscles, and in-
hibited the carbamylcholine-induced membrane depolarization at the endplate. The most

pronounced effect of quinacrine was on the acetyicholine (ACh)-receptor mediated
postsynaptic conductance. It reduced the endplate current (EPC) peak amplitude, without
marked departure from linearity of the current voltage relationship, and it shortened the

EPC rise time. The rate of decay of the EPC was also altered by quinacrine, becoming
less voltage-dependent at concentrations of about 5 �tM and completely voltage-independ-
ent at drug concentrations of 30-100 LM. Biochemical studies on membranes from electric
organ of the electric ray Torpedo ocellata revealed that quinacnine inhibited the binding
of [3H]ACh and [3H]H12-HTX to the membrane-bound ACh-receptor and its ionic
channel, respectively. The inhibition constant (K1) values were 7.4 �LM and 14 LM,

respectively. It is suggested that the mode of action of quinacnine on neuromuscular
transmission is complex and reflects interaction with both the ACh-receptor and its ionic
channel.

INTRODUCTION

At nicotinic neuromuscular junctions,

the binding of ACh2 to its recognition site
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on the ACh-receptor, initiates a chain of
reactions leading to the opening of the ionic
channel, and subsequent increase in ionic

flux across the postsynaptic membrane (1,
2). Drugs and toxins that influence such
postsynaptic events belong to three groups,
depending on their primary site of action.

One group of drugs interacts mainly with
the ACh-receptor and either activates (e.g.,

carbamylcholine, nicotine) or blocks (e.g.,
a-bungarotoxin, d-tubocurarine (2-4)) it at
concentrations that do not affect the ionic
channel. The second group modulates ionic
conductances at concentrations that do not

inhibit ACh binding to its receptor. Exam-
382
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ples of such drugs are histrionicotoxin (the

toxin isolated from the skin of the Colom-
bian frog, Dendro bates histrionicus) (3, 5),
local anesthetics (e.g., procaine and lido-
caine) (6-8), atropine (9), and amantadine
(10). The third group of drugs (e.g., organ-

ophosphates, carbamates) inhibits ACh-es-
terase, thereby maintaining high concen-

trations of ACh in the synaptic gap (11).
However, many of these drugs interact with
more than one of these proteins, e.g., DFP,
which irreversibly phosphorylates ACh-es-
terase, yet at higher concentrations binds
to the ACh-receptor (12) and its ionic chan-

nel (11).
The effects of drugs and toxins on EPCs

may cause a reduction in peak amplitude of

the EPC by either blocking the ACh-recep-
tor or its ionic channel. The block of the
latter usually induces marked nonlinearity

of the current voltage relationship of the
EPC while the former reduces the peak
amplitude without changes in the linearity
(2, 5, 8).

It has been suggested that the ACh-re-
ceptor and its ionic channel may be two
separate proteins that are closely associ-
ated in the membrane (13-15). This is based
on the partial separation of the protein
which binds ACh and a-bungarotoxin (i.e.,
the ACh receptor) from the one which
binds H12-HTX and amantadine (i.e., the
ionic channel) by means of detergent solu-

biization followed by affinity adsorption of
all of the ACh-receptor molecules or their
precipitation with anti-ACh-receptor anti-
bodies, while retaining much of the ionic
channel protein in solution (13, 14).

Quinacrine, the antimalarial drug, was
found by Grunhagen and Changeux (16, 17)
to act like local anesthetics in noncompeti-
tively blocking carbamylcholine-induced
depolarization and in enhancing in vitro the

binding of [5HJACh to membranes from the
electric organ of the electric ray, Torpedo
marmorata. Their discovery that quina-

crine fluorescence was enhanced upon its
binding to electric organ membranes, and
the further increase caused by receptor ag-
onists, led to the utilization of quinacrine as
a probe for the study of the ACh-receptor-
channel complex. They suggested that the
fluorescence increase occurred during con-

formational transition of the ACh-receptor
from the resting to its active state. Quina-
crine was also utilized by Sobel et al. (15)
as a label of a protein present in the recep-
tor-rich membranes and different from the

ACh-receptor protein. Subsequent electro-

physiological analysis made by Adams and
Feltz (18) of the kinetic behavior of the
postsynaptic membrane of intact verte-

brate muscle fibers treated with quinacrine,
led to the proposal that the increase in

fluorescence induced by the drug did not
monitor the activation of the receptor, but
rather the blockade of an already activated
receptor-ionic-channel complex.

The present investigation was initiated
to evaluate the mode of action of quinacrine
on neuromuscular transmission and to de-
termine whether quinacnne had more than
one site of action at the nicotinic synapse,

using both biochemical and electrophysio-
logical techniques. Transmission was stud-

ied in amphibian and mammalian muscles,
whereas biochemical studies were per-

formed on Torpedo electric organ because
of its high content of ACh-receptors and
ionic channels whose pharmacological
properties appear to be similar to those in
skeletal muscle endplates (19).

MATERIALS AND METHODS

A. Electrophysiological Experiments

Animals and preparation. Experiments
were carried out at room temperature (22-
24#{176})on sartorius muscle preparation of the
frog, Rana pipiens, and the soleus muscles
of rat (Wistar females, 180-200 g). During
dissection and throughout the experiment
the muscles were bathed in a physiological
solution having the following composition
(mM concentration): NaCl, 115.5; KC1, 2.0;

CaCl2, 1.8; Na2HPO4, 1.3, NaH2PO4, 0.7
(frog muscles) and NaC1, 135.0; KC1, 5.0;
CaCl2, 2.0; MgCl2, 1.0; NaHCO:j, 15.0;
NaH2PO4, 1.0 and glucose, 11.0 (mamma-
han). Frog physiological solution had a pH
of 6.9-7.1 and was bubbled with 100% 02,
while the mammalian one was continuously

bubbled with a gas mixture of 95% 02 and
5% CO2 giving a final pH of 7.1-7.3.

The technique used to study directly and
indirectly elicited muscle twitch has previ-
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ously been described (20). For intracellular
recording, the muscles were stretched
slightly beyond their resting length in a
Plexiglas plate, which had a planoconvex
lens at its center, and immersed in a 15 ml

bath. Nerve stimulation was delivered by
two platinum electrodes. All recordings
were made from surface fibers using glass

microelectrodes filled with 3 M KC1 (5-15

The potentials were displayed on a Tek-
tronix oscilloscope and recorded on a Mm-
gograph 81. Data from the oscilloscope
were recorded on film and measured under

magnification or recorded and analyzed by
an on-line PDP 11/40 computer.

In voltage clamp experiments, the circuit

used was similar to that previously de-
scribed (11). The muscles were pretreated
with 400-600 nmi glycerol to disconnect

functionally the sarcotubular system from
the sarcolemmal membrane and allow the
superimposition of several action potentials
without causing contraction of the muscle

fibers (21). Voltage champ errors were less
than 5%. The rise time of the clamping
circuit (10-90%) with 2-8 M�l microelec-

trodes was about 50 �.tsec. Changes in mem-
brane potentials from the holding poten-
tials were evoked either from a DC source
under manual control or an isolated stim-
ulus unit controlled by a programmable
digital timer (5).

Preparation of microsacs. The electric
organ of Torpedo ocellata was homoge-
nized (20 g) in 200 ml of 90 m�i KC1, 10 mM

NaCl and 1 m�i Na2HPO4, pH 7.4, centri-
fuged at 5,000 x g for 10 mm, then the
supernatant centrifuged at 30,000 x g for
60 mm at 4#{176}in a Sorvall centrifuge. The

final pellet was suspended in a solution of
10 mM NaCl, 90 m�i KC1 and 1 mM

Na2HPO4, pH 7.4, and 0.02% NaN3 at an
average protein concentration of 1.5 mg/
ml. Maximum number of binding sites for

[8H]ACh and [�H]H12-HTX was 0.7 and 0.5
nmoles/mg protein.

Equilibrium dialysis. Binding of [3H}.
ACh to the electric organ membranes was
studied at 23#{176}for 4 hr as described previ-
ously (13). In order to inhibit all cholines-
terases without affecting the binding of
ACh to its receptor, DFP was added to the

membranes, at a final concentration of 1
mM, 1 hr before the start of dialysis, and
100 )�LM DFP was present in the dialysis
bath. When the effect of quinacrine on
[�H]ACh binding was determined, quina-
crime was added to the bath.

Centrifugal assay. Binding of [‘H]H12-
HTX to the microsacs was assayed by a
centrifugal assay to save on the radiola-
beled toxin. Binding data obtained from

centrifugal assay were similar to those ob-
tained from equilibrium dialysis (14). Sii-
conized 1.5 ml polypropylene centrifuge
tubes (BioRad 1.5 ml disposable test tubes)
were used as described previously (14).
Samples (0.9 ml) of microsac preparation
(1 mg protein/ml) were pipetted into each

centrifuge tube, then the quinacrine was
added in 0.1 ml, and after 30 mm at 22#{176}the
radioactive toxin (10 �th) was added. The
tubes were centrifuged in SS.34 rotor with
adaptors in a Sorvall RC-2 at 17,000 rpm
for 30 mm at 4#{176}.Three samples of 50 �tl
were taken from the mixture before, as well

as from the supernatant after, centrifuga-
tion and the radioactivity of each counted
in 4 ml of liquid scintillation solution in a
disposable 5 ml glass minivial (Rochester
Scientific) placed in a glass liquid scintilla-
tion vial. The difference in radioactivity
was taken to be the bound toxin. Each

experiment was duplicated with a microsac
preparation immersed in boiling water for
30 mm, whose binding was taken to repre-

sent nonspecific binding, which amounted
to 20 ± 5% (in 12 experiments) of control at
10 nM [3H]H12-HTX. Every experiment was
run in triplicate.

Chemicals. Refrigerated stock solutions
(10.2 M) of quinacrine-2 HC1 (Atabrine from
Sterling Winthrop) and d-tubocurarine (K
& K Laboratories) in distilled H2O were

diluted with physiological solution imme-
diately before use. Carbamylcholine was
dissolved in appropriate physiological so-
lution at the time of its use.

Isodihydrohistrionicotoxin was reduced
with 3F12 to [3H]H12-HTX and purified as
previously described (9). Its radiochemical
purity was 90% as determined by scanning
of a thin layer chromatogram, its specific
radioactivity was 21 Ci/mmol, and its effec-

tiveness in blocking neuromuscular trans-
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mission in the frog sartorius was routinely
determined using the half-decay times and
peak amplitudes of the endplate and mini-

ature endplate currents as parameters (13).
[Acetyl-3H]acetylcholine ([3H]ACh) (49.5
mCi/mmol; New England Nuclear) was uti-

lized and its purity checked periodically by

thin layer chromatography. The a-neuro-
toxin of the cobra species Naja naja sia-

mensis was purified from the venom as
described previously (22).

RESULTS

Effect on muscle twitch tension and rest-
ing membrane potential. Quinacrine (6 and

10 �LM) reduced the amplitude of the indi-
rect twitch tension by 20% and 40% of con-
trol, respectively (Fig. 1). Using higher con-

centration (200 �tM), the drug induced a
block of the indirect twitch tension within
12 mm. Repetitive washing of the muscle

(once every 10 mm) with Ringer’s solution
resulted in partial dissociation of the drug

from its reactive sites with about 50-70% of
the indirect twitch tension recovered in 180
mm.

The normal resting membrane potential

of frog sartorius muscles was -97.8 ± 1.1
mV (n = 11), and after two hour incubation
in quinacrine (100 �tM), it became -93.4 ±

0.5 mV (n = 30). The normal resting mem-
brane potential of rat soleus muscles was
-72.1 ± 0.7 mV (n = 34), after one hour
incubation in quinacrine (100 �zM), it be-
came -71.4 ± 1.6 mV (n = 23).

Effect of carbamyicholine-induced de-

polarization. When carbamyichohine (0.7
mM) was applied to rat soleus muscles pre-
viously exposed to TTX (0.6 ,.LM) for 30 mm,
the membrane potential at the endplate

was significantly reduced. In a typical ex-

periment (Fig. 2), the control membrane
potential before application of carbamyl-

choline was -72.0 ± 0.6 mV (mean ± SE, n
= 16 fiber/muscle) and declined to -24.0
± 4.8 mV (n = 8 fiber/muscle) in a few
minutes after carbamylchohine application.
After 30 mm, the muscle membrane repo-
larized to about 95% of control values, sim-
ilar to effects reported by Garrison et al.
(23) on frog sartorius muscle. When the

muscle was first exposed to TTX (0.6 �tM)

for 30 mm, then to quinacrine (50 /.LM) plus
TTX for 30 mm, the initial depolarizing

response to carbamyhchohine (0.7 mM), ap-
plied in the presence of quinacrine plus
TTX, was reduced by 80%. Therefore, quin-
acrine significantly inhibited the depolar-
izing action of carbamylcholine (Fig. 2).

Effects of quinacrine on the amplitude

of the EPC. Records of EPCs before and
during quinacrine application are presented
in Fig. 3. Under control condition, the re-
lationship between peak EPC amplitude
and membrane potential was approxi-
mately linear from +50 to -100 mV, but

exhibited a slight upward concavity at po-
tentials greater than -100 mV. This small

deviation in the current-voltage relation-
ship has been previously observed (9, 11,

24, 25). The amplitude of the normal EPC
increased with hyperpolarization and de-

FIG. 1. Time course of the block of the indirect twitch tension of the frog sartorius muscle produced by

various concentrations of quinacrine at 23#{176}

o 1 gzM, D 6 �LM, L� 10 fIM, U 30 �M, A 60 IM,#{149} 100 �LM, � 200 �M. Each symbol represents the mean ± SEM

of 4 muscles. The SEM values were too small to be shown.




