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SUMMARY

The agents (+)- and (-)-acecidine (3-acetoxyquinucidine), (+)- and (-)-N-methylace-

clidine, and oxotremorine were compared in their ability to inhibit specific 3H-labeled
(±)-3-quinuclidinyl benzilate binding to rat brain muscarinic receptors and to stimulate
contractions of the isolated guinea pig ileum. A good correlation was observed between
the high-affinity dissociation constant (KH) for binding and the muscarinic potency in the
isolated ileum. The binding data for the enantiomers of acecidine were also consistent
with their central and peripheral pharmacological activity in vivo. Thus the enantiomeric

potency ratios [EDse of (-)-acecidine/EDw of (+)-aceclidine] for the tremorogenic,
analgesic, and sialogogic effects in mice agreed well with the ratio KH of (-)-aceclidine/
KH of (+)-aceclidine.

INTRODUCTION

Recent developments in the pharmacological and bio-

chemical identification of muscariic receptors in brain
tissue have been due mainly to binding studies involving
the use of radioactive ligands such as [3H]QNB’ (1-3).
However, it is not possible from such studies alone to
determine whether the binding site is equivalent to the
physiologically and pharmacologically relevant site. Sug-

gestions of equivalence have come mainly from studies
correlating central binding properties with peripheral
pharmacological responses (2, 4-7). Direct correlation of
binding potency with central functions is difficult, espe-

cially for muscannic agonists, since most potent agonists
are quaternary ammonium compounds. However, a cor-

relation between binding affinity and behavioral disturb-
ances was found in a homologous series of antimuscarinic
glycolate esters (7).

Aceclidine (3-acetoxyquinuclidine) belongs to the
small class of muscarinic agents that are more potent as
tertiary amines than as N-methyl quaternary ammonium

salts (8, 9). Its pharmacological spectrum is similar to
those of oxotremorine and arecoline, although the time
course of action of the compounds differs (10, 11). Thus,

in addition to peripheral effects, e.g., salivation and lac-
rimation, aceclidine also causes tremor, hypothermia,
and analgesia when administered systemically (12). All
of these effects are prevented by atropine, whereas qua-
ternary anticholinergic agents are inactive against the
tremor and analgesia and only marginally active against
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the hypothermia (12). These observations suggest a cen-
tral origin of the tremor and analgesia, and presumably
also the hypothermia, induced by acecidine.

Aceclidine is the only known potent muscariic agent
that is a chiral tertiary amine. It therefore offers the
possibility of comparing stereoselectivity obtained from
binding experiments with stereoselectivity observed cen-
trally and peripherally in vivo. In this study (+)-aceci-
dine, (-)-aceclidine, and oxotremorine were compared in
their ability to inhibit the binding of [3H]QNB to mus-
carinic receptors in rat brain; their ability to induce
tremor, analgesia, hypothermia, and salivation in mice;
and their ability to cause contraction of the isolated
guinea pig ileum. The binding properties and parasym-
pathomimetic activities of the enantiomers of N-meth-
ylacecidine were also compared.

MATERIALS AND METHODS

Drugs. The enantiomers of aceclidine hydrochloride
and N-methylacecidine iodide (13) and oxotremorine
(14), crystaffized as the oxalate salt, were obtained as
previously described. Other drugs and their sources were
the following: hexamethonium chloride (K&K Labora-
tories, Plainview, N. Y.), tetram [(2-diethylamino)-

ethylphosphorothioic acid O,O-diethylester, gift of Dr.

R. O’Brien, University of Rochester], and morphine
(Merck Laboratories, Rahway, N. J.). Drugs were dis-
solved in 0.9% NaCl for in vivo experiments, in Tyrode’s
solution for experiments on the ileum, and in distilled
water for the binding studies. The Tyrode’s solution had

the following composition (millimolar): NaCl, 137;
NaHCO3, 12; glucose, 5.0; KC1, 2.7; MgSO4 . 7 H20, 1.0;
NaH2PO4, 0.4; CaCl2, 1.8.

Muscarinic activity in intact mice. The median effec-
tive dose of the test compounds to produce tremor and
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salivation was estimated by the “up-and-down” method The binding of [3H]QNB (29 Ci/mmole; New England

for small samples described by Dixon (15). A logarithmic Nuclear Corporation, Boston, Mass.) was measured ac-

series of doses, with a spacing of 0.1 unit in the logio cording to the procedure of Yamamura and Snyder (1),

scale, was given by i.v. injection to groups of Swiss-

Webster mice weighing 27-32 g. The presence or absence

with minor modifications. Routinely, 100 jil of brain stem

homogenate were incubated with [3H]QNB in a final
of tremors and salivation was determined by visual in- volume of 2 ml containing 50 nmi sodium-potassium

spection during the first 5 min after drug administration. phosphate buffer (pH 7.4). Incubations lasted 60 mm at

Analgesic effect in mice. Hot-plate reaction times were 37#{176}.Binding in the presence of 10 jiM atropine was
measured by a method similar to that of Woolfe and
MacDonald (16). The plate was maintained at 58 ± 1#{176}.

Lifting of the hind limb was taken as a positive response

defined as nonspecific. For measurement of the compet-
itive inhibition of [3HJQNB binding by nonlabeled li-
gands, a total concentration of 0.8 or 1.6 n�i [3H]QNB

to the noxious stimulus. A maximal cutoff time of 30 sec was used. At these concentrations less than 5% of the
was used. Drugs were administered i.v. to groups of six total [3H]QNB was bound.

mice at three dose levels. The reaction time was deter- The binding parameters were determined from the

mined at 5-mm intervals until it had returned to that of experimental data by nonlinear least-squares regression
the control group. Dose-response curves were con-

structed from the mean of the integrated response time

analysis using the computer program NONLIN (17). The
ligand/[3H]QNB competitive inhibition data were fitted

between 0 and 15 mm. The potency was expressed as the to the following two-site competitive inhibition equation

dose, calculated by linear regression analysis, required to (3):
double the integrated response time relative to the con-

Hypotheflflic effect in mice. The test compounds were
B = � � x/K� � 1 ±x/K� (1)

administered i.v. to groups of five mice at five dose levels.
One group was treated with 0.9% NaCl. Rectal tempera-
ture was recorded with a Tele-thermometer (Yellow
Springs Instrument Company, Yellow Springs, Ohio) at
constant ambient temperature (23.5 ± 0.5#{176}).The rectal
temperature of each animal was read 30 sec after inser-
tion of the probe approximately 30 mm from the anus.
The hypothermic effect was expressed as the mean of the

which B is the proportion of [3H]QNB bound, a is the
proportion of high-affinity sites, K�i and K� are the
apparent dissociation constants of the high- and low-
liffiflity sites, and x is the concentration of nonlabeled

U1.h.lbitor. In some instances the competitive inhibition
data were adequately described by the following one-site
competitive lflhibitiOn equation:

decrease in temperature relative to preinjection temper-
ature of each group. (2)

Acute toxicity in mice. LDw values were determined
by i.v. injection using the “up-and-down” method for
small samples (15). Mortality counts were taken after 15
mm.

Isolated guinea pig ileum. Male guinea pigs (English
short hair, 350-450 g) were kified by a blow to the head.

where K’ is the apparent dissociation constant of the

nonlabeled ligand. The apparent dissociation constants
� were corrected to give the true dissociation con-
stants (K) by the following relationship:

Segments of ileum (2-3 cm long) were removed and

suspended in a 10-mi organ bath containing Tyrode’s (3)

solution at 37#{176}and aerated with 02 containing 5% CO2.
Contractions were recorded isotonically at 1 g of tension,

using an electromechanical displacement transducer and
a potentiometric recorder.

The enantiomers of aceclidine and N-methylacedidine
were compared with oxotremorine as a reference com-

pound on pieces of ileum taken from different guinea pigs
using the cumulative dose-response technique. The same

experiment was repeated after exposure of the prepara-
tion to hexamethonium (0.3 nmi). In separate experi-
ments, the tissue was incubated with tetram (50 jiM) for
1 hr and then washed for 1 hr with Tyrode’s solution
containing morphine (3 mn), which was used thereafter
for all washes. Dose-response curves to the various ago-
nists were then obtained as described above.

Binding characterization. Muscarinic receptor bind-

In Eq. 3, y is the concentration of [3H]QNB, and KQNB is

the dissociation constant of[3HJQNB which was assigned
a value of 1.4 X 10_b M. This value was determined
independently by Scatchard analysis of five-point [3H]
QNB binding isotherms. The ICr,o values of nonlabeled
ligancis (concentration of nonlabeled ligand that caused
h�ji�-m�imal inhibition of specific [3H]QNB binding)
were determined by analysis ofthe ligand/[3H]QNB com-
petition curves. These ICw values were corrected for
receptor occupancy by [3H]QNB according to the follow-

ing relationship:

ICw
K1= (4)

i + y/KQNB

ing assays were performed on rat brain stem homoge- in which K1 is the concentration of nonlabeled ligand that

nates. The brain stem was homogenized in 50 m’vi so-
dium-potassium phosphate buffer (81 nu�i Na�, 9.5 mM

. causes half-maximal receptor occupation in the absence
of [3H]QNB. For those cases in which the ligand/[3H]

K�, 50 mM P04, pH 7.4) with a glass homogenizer (Potter QNB competition data were adequately described by the

Elvejhem) and Teflon pestle. The final homogenate con-
centration was 40 mg/mI (original wet tissue weight).

one-site competition equation (Eq. 2), ICr,o and K1 are
essentially equivalent to K’ and K, respectively.
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1
B = � � x/K’

K
K=

1 + y/KQNB
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Time
(mm)

FIG. 1. Hypothermic effect of (+)-aceclidine and oxotremorine in

mice (iv.)

(+)-Acecidine: 2.0 (#{149}),4.0 (s), and 8.0 (A) �imoles/kg; oxotremorine:

1.0 �tmol/kg (0); control: 0.9% NaC1 (x).
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RESULTS

As shown in Table 1, (+)-aceclidine was more potent
than (-)-aceclidine in producing tremors and salivation
in mice. In both of these effects, (+)-acedidine was less

potent than oxotremorine. The effects appeared almost

immediately after injection. The duration of the tremor
(less than 5 mm) and salivation (5-15 mm) induced by
(+)-aceclidine was short compared with the duration of
these effects after administration of oxotremorine. With
(+)-aceclidine the EDse value for tremor was significantly
higher than that for salivation. In contrast, for oxotrem-
orine there was no significant difference between the
tremorogenic and sialogogic doses.

Oxotremonne produced analgesia at doses below those
at which tremor and salivation were observed (Table 1).
The analgesia induced by (+)- and (-)-aceclidine was of
shorter duration and only appeared at doses that caused

profound salivation.
(+)-Aceclidine was more potent than (-)-aceclidine in

producing hypothermia in mice (Table 1). Figure 1 illus-
trates the hypothermic effects of (+)-aceclidine and oxo-
tremorine. Injection of 2 imoles/kg of (+)-aceclidine
produced maximal hypothermia at 5-15 mm. With 8

�moles/kg, the maximal hypothermia occurred at 15-25
mm. Higher doses did not cause a further decrease in
body temperature. The hypothermic effect of oxotremo-
rime was more profound and longer lasting. (-)-Aceci-
dine induced only a minor, short-lasting hypothermia,

with maximal response occurring at doses near the LDw
(Table 1).

On the isolated guinea pig ileum, (+)- and (-)-acedi-
dine were more potent than (+)- and (-)-N-methylace-

clidine, but less potent than oxotremorine (Table 2).
Hexamethonium (0.3 mM) had very little effect on the
potencies ofthe compounds. (+)-Aceclidine was about 14

times as active as (-)-aceclidine in the untreated ileum.
After treatment of the ileum with tetram (an irreversible
anticholinesterase agent) and morphine, the enantio-
meric potency ratio was reduced by a factor of 2 because
of a greater relative potency of the (-)-isomer. (+)-N-
Methylaceclidine was not capable of producing a maxi-
mal contraction in either tissue. The dose-response curve
obtained with (-)-N-methylaceclidine was found to be
parallel to those of (+)- and (-)-acecidine and oxotrem-

orine and to attain the same maximal response value.
The relative potency of (-)-N-methylacecidine was in-
creased almost 10-fold in the anticholinesterase-treated
tissue (Table 2).

The competitive inhibition of [3H]QNB binding by

oxotremorine and the enantiomers of aceclidine and N-
methylaceclidine is illustrated in Fig. 2. As shown in Fig.
2, the enantiomers of aceclidine were less potent than
oxotremonne but more potent than the enantiomers of

N-methylaceclidine. (+)-Aceclidine was the more potent
of the aceclidine isomers. The K1 values of oxotremorine,
(+)-acecidine, (-)-aceclidine, (+)-N-methylacecidine,

and (-)-N-methylaceclidine were 0.24, 3.5, 12, 49, and 43
/.LM, respectively. The competition curves of oxotremorine
and (+)-aceclidine were flatter than expected for simple

mass-action behavior and were adequately described by
a two-site binding equation. In contrast, the competition
curves of the other enantiomers were consistent with a

one-site binding equation. The binding parameters of the
compounds were determined from the competition
curves by nonlinear regression, and the results of this
analysis are shown in Table 3.

DISCUSSION

Several authors have investigated the enantiomers of
aceclidine and N-methylacecidine for muscarine-like ac-
tivity on the isolated guinea pig ileum (19-21). Although
there is general agreement that (S)-(+)-aceclidine is
more potent than (R)-(-)-aceclidine in this tissue, the
results obtained with the enantiomers of N-methylace-

clidine are somewhat contradictory. Barlow and Casy
(19) and Lambrecht (21) reported, and their results are
confirmed in the present study, that the (R)-(-)-isomer

TABLE 1

Acute toxicity and tremorogenic, sialogogic, analgesic, and hypothermic activity of (+)-aceclidine, (-)-aceclidine, and oxotremorine in mice

Compounds were a dministered i.v. Each value represents the mean ± standard error of th e mean.

Compound Acute toxicity
LD�

Tremors
EDw

Salivation
EDao

Analgesia” Hypothermia”

�.tmoles/kg

(+)-Aceclidine

(-)-Aceclidine

Oxotremorine

32 ± 3

345 ± 52

6.8c

5.9 ± 1.2

246 ± 37

0.27 ± 0.05

1.0 ± 0.18

35.4 ± 4.6

0.19 ± 0.07

3.3 ± 0.8

201 ± 100

0.057 ± 0.022

8.0 (-4.2 ± 0.5)

315 (-1.4 ± 0.4)

2.0 (-7.3 ± 1.0)

a Dose required to double the integrated hot-plate response time relative to the control (see Materials and Methods).

b Lowest dose giving maximal hypothermic response (� t0).

C Reference 18.
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TABLE 2

Muscarinic activity of oxotremorine and the enantiomers of

aceclidine and N-methylaceclidine in the isolated guinea pig ileum

Each value represents the mean ± standard deviation of at least four

I00
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I
5)

�0
C

cc
>�

a
0

4-

0
a)
a.

(I)

5�

Log [Drug]
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estimates.

Compound ED�o EPMR” EPMW”

moles/liter

(+)-Acecli-

dine (2.4 ± 0.3) x iO� 5.0 ± 0.6 5.7 ± 1.1

(-)-Acecli-

dine (3.4 ± 0.4) x 10_6 71 ± 8 34.5 ± 3.7
(+)-N-

Methyl-

aceclidine >5 x iO� >iO� >iO�

(-)-N-

Methyl-

acecidine (5.9 ± 1.5) x i0” 1280 ± 310 146 ± 10

Oxotremorine (4.4 ± 0.9) x 108 1.0 1.0

a Equipotent molar ratio.
b In anticholinesterase-treated tissue, as described under Materials

and Methods.

of N-methylaceclidine is more potent than the (S)-(+)-

isomer. Thus N-methylation of the tertiary base caused
an inversion of the stereoselectivity for the receptor. On
the other hand, Weinstein et al. (20) found that (S)-
(+)-N-methylacecidine is somewhat more active than
the (R)-(-)-isomer, implying that no such inversion of
stereoselectivity occurs. (R)-(-)-Aceclidine (22) and
(R)-(-)-N-methylaceclidine (23) are rather good sub-

strates for acetylcholinesterase, but none of the above
results were obtained from anticholinesterase-treated tis-

sues.
Some of our estimates of the muscarmic activities of

the enantiomers of acecidine and N-methylaceclidine

FIG. 2. Competitive inhibition of [3H]QNB binding by oxotremo-

rine (0), (+)-aceclidine (0), (-)-aceclidine �), (+)-N.methylaceclidine

(4), and (-).N.methylaceclidine (A)

Mean binding values ± standard error of the mean of at least three

experiments are shown. The competition curves have been corrected

for the shift caused by receptor occupancy by [3H]QNB. The oxotrem-

orine/[’H]QNB competition experiments were carried out at a [3H]

QNB concentration of 0.8 nM, whereas the other experiments were

performed at a [3H]QNB concentration of 1.6 n�i. The theoretical

curves represent the least-squares fit to the data. The theoretical curves

for the enantiomers of N-methylaceclidine were nearly superimposable;

hence, only one curve is shown for these two enantiomers.

were made in the presence of morphine, which inhibits
acetylcholine release from nerve endings (24), and after
treatment with an anticholinesterase agent. Under these

conditions the order of potency of the compounds was

the same as in the untreated tissue. However, the relative
potencies of the enantiomers reported (22, 23) to be
substrates for acetylcholinesterase were increased, lead-
ing to a lower enantiomeric potency ratio for the acecli-
dine isomers and a higher potency ratio for the N-meth-
ylaceclidine isomers. The results confirm that an inver-
sion of stereoselectivity for the receptor takes place on
N-methylation of (+)- and (-)-aceclidine (19, 21).

The pharmacological potency, as measured by the
contractile responses in the guinea pig ileum, is deter-
mined by both affinity and efficacy. The efficacy of (-)-

N-methylacecidine is greater than that of (+)-N-meth-

ylacecidine, since the latter behaved as a partial agonist.
The difference in pharmacological potency between the
two compounds thus appears to be due mainly to a
difference in efficacy. It is not surprising, therefore, that
the binding affinities of the enantiomers of N-methyl-
aceclidine were similar.

In a study investigating the binding of agonists to rat
brain musca.rinic receptors, a strong correlation between
the KH and pharmacological activity was observed (25).
Therefore, we compared the KH of oxotremorine and the
enantiomers of aceclidine and N-methylaceclidine with
their pharmacological activity in the isolated guinea pig
ileum. The results of this comparison are shown graphi-
cally in Fig. 3. The tendency for the points to fail on the

line of equivalence ( Y = X) demonstrates a strong cor-
relation (r = 0.92; p = 0.03) between the binding param-
eters of these compounds and their pharmacological ac-

tivities.
(+)-Aceclidine binding, like the binding of oxotremo-

line, was consistent with a two-site binding equation,

whereas the binding of (-)-aceclidine and (+)- and (-)-
N-methylaceclidine fit a one-site equation. These data
suggest that the efficacy of (+)-aceclidine is greater than

that of the other enantiomers, since a correlation between
KL/KH and efficacy has been noted (25).

The binding data for the enantiomers of aceclidine

were also consistent with their pharmacological activities
in vivo. Thus the enantiomer which has the greater
pharmacological activity (tremor, salivation, analgesia,

and hypothermia) also had greater potency in the [3H]
QNB binding assay.

The hypothermia and analgesia induced by (±)-acecli-
dine were previously shown to be prevented by atropine,
but only marginally reduced by methylatropine (12).
These observations suggest a central muscarinic involve-
ment in the hypotherrnic and analgesic effects. Further
support for a central muscarinic component in these
effects is provided by the similar stereoselectivity shown

by the enantiomers of aceclidine in the hypothermic,
analgesic, and tremorogenic effects, the latter apparently
of central muscarinic origin (11). Although the enantio-
mers of aceclidine differed widely in their hypothermic
effects, no exact enantiomeric potency ratio could be
given since they do not produce the same maximal effect

(Table 1). The enantiomeric potency ratios for the trem-
orogenic (ratio 45), analgesic (ratio 61), and sialogogic
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(ratio 35) effects agree remarkably well with the ratio KH

(-)-aceclidine/KH (+)-aceclidine (ratio 35). These find-
ings provide good evidence of the structural integrity of
the isolated receptors.

The relationship between the ED50 for smooth muscle
contraction and the binding parameters of muscarinic
agonists is not yet fully understood (3, 6, 25). According
to Birdsall et al. (25), it is unlikely that the high-affinity
binding site is the relevant site for smooth muscle con-
traction because of the existence of spare receptors for
muscarinic agonists with respect to contractile responses.
When spare receptors are considered, the ED50 for
smooth muscle contraction generally agrees with KL (25).
Beld et al. (26) have criticized this interpretation. They
suggested that the high-affinity binding site is the one

directly involved in mediating the biological response.
Our results do not permit a distinction to be made
between the two models. However, it is obvious that the
pharmacological potency in vivo and in vitro is correlated
with the high-affinity dissociation constant (KH).

The threshold doses of oxotremorine for central
(tremor) and peripheral (salivation) muscarinic activity
are nearly identical (Table 1). Similar results were ob-
tamed by Herz et al. (27), who also showed that the same
is true for arecoline, although the central effects of
arecoline are less pronounced (11). With (+)-aceclidine,
tremors were seen only at doses much above those which
cause salivation (Table 1). The rate of penetration of

-Log ED50

FIG. 3. Correlation of the high-affinity dissociation constant and

pharmacological activity of (+)-aceclidine (0), (-)-aceclidine �),

(+)-N-methylaceclidine (ti), (-)-N-methylaceclidine (A), and oxotrem-

orine (0)

Ordinate, the negative logarithm of the KH (Table 3); abscissa, the

negative logarithm of the ED�o for contraction of the guinea pig ileum

(Table 2).
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TABLE 3

Binding parameters of oxotremorine and the enantiomers of aceclidine and N-methylaceclidine

The binding parameters were dete rmined by nonlinear regression analy sis of three compe titive bindin g experiments.

Compound High-affinity sites

%

KH

moles/liter

K,. KL/KH

(+)-Aceclidine 26 3.4 x iO� 6.6 X 10” 20

(-)-Acecid.ine 1.2 x iO-”

(+)-N-Methylaceclidine 4.9 X i0”

(-)-N-Methylaceclidine 4.3 x iO�
Oxotremorine 30 5.1 x i09 5.5 x iO� 107

tertiary amines into the central nervous system is deter-
mined inter alia by the proportion of the un-ionized form
(28, 29). We suggest that the relatively low central spec-
ificity of (+)-aceclidine is due mainly to its higher base
strength (PKa 8.93) (9) as compared with that of oxotrem-
orine (pI(� 7.91) (30) and arecoline (pKa 7.72) (30).
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