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SUMMARY

Kvroog, YoEL, D. S. HERON, A. D. KorczyN, D. I. SAcHs & M. SokoLoVsKY. (1979)
Muscarinic acetylcholine receptors in albino rabbit iris-ciliary body. Mol. Pharma-

col.,, 15, 581-587.

The binding of tritium-labeled N-methyl-4-piperidyl benzilate to homogenates of iris-
ciliary body complex of albino rabbits was investigated. The binding exhibited all the
characteristics typical of binding to the muscarinic acetylcholine receptor: it was satura-
ble, of high affinity, and could be reduced by muscarinic non-labeled ligands whereas
non-muscarinic drugs had no such effect. Hill coefficients were approximately 1 for the
antagonists and less than 1 for the agonists. Equilibrium experiments indicated the
existence of a single population of binding sites (0.44 pmol/iris-ciliary body). The forma-
tion of at least two types of ligand receptor complexes had to be assumed, however, to
explain the kinetics of [°H]-N-methyl-4-piperidyl benzilate binding. The simplest model
which fits the experimental findings consists of a fast binding step followed by a slow
isomerization of the receptor-ligand complex, as previously suggested by us for the

muscarinic receptor in the mouse brain.

INTRODUCTION
The iris-ciliary body complex is known to
possess a cholinergic innervation (1, 2), and
has been shown to contain acetylcholine
(3), cholinesterases (1, 4) and choline ace-
tyltransferase (3, 5) in many species, includ-
ing rabbit, cat, guinea pig, monkey and
humans. The iris sphincter responds in a
characteristic manner to muscarinic ago-
nists and antagonists: agonists and cholin-
esterase inhibitors cause miosis, while mus-
carinic antagonists cause mydriasis. The
miotic and mydriatic potencies of cholin-
ergic drugs have been evaluated in vivo by
topical administration (6, 7) and in vitro by
measuring the responses of perfused iris
strips (8).
! Present address: Department of Ophthalmology,
Asaf Harofe Hospital, Zerifin, Israel.

While the significance of the muscarinic
receptors in the iris-ciliary body complex is
established, less is known about their bio-
chemical nature. Studies of the muscarinic
acetylcholine receptor in central (9, 10) and
peripheral (11, 12) tissues, by means of la-
beled drugs, have met with success; and,
based on our experience in characterizing
muscarinic receptors in mouse brain ho-
mogenate (13, 14) we were able to identify
the muscarinic receptor in the iris. The
present work summarizes our studies on
the interaction of muscarinic drugs with the
receptors of nonpigmented iris, using [*H]-
4NMPB,’ a highly potent and specific mus-
carinic antagonist (13).

2The abbreviations used are: [°’H}-4NMPB, [°H]-
N-methyl-4-piperidyl benzilate; 4-NMPB, N-methyl-
4-piperidyl benzilate; QNB, quinuclidinyl benzilate.
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MATERIALS AND METHODS

Materials. 4-NMPB was prepared and
labeled with tritium (6 Ci/mmole) as de-
scribed elsewhere (15). The chemical and
radiochemical purity was determined by
analytical thin-layer = chromatography
(Merck Silica 60 plates) in two solvent sys-
tems: n-butanol, acetic acid, water (4:1:1)
and chloroform, acetone, diethylamine (5:4:
1). [°*H}-4NMPB moved as a single peak,
identical to the authentic unlabeled com-
pound in these two systems. The purity was
>97%.

The (+) and (—) isomers of QNB were
prepared as described elsewhere (16). Other
compounds were as follows: oxotremorine
(Aldrich), scopolamine HBr (Plantex, Is-
rael), atropine sulfate hydrate, carbamyl-
choline chloride, propranolol and (+)-tub-
ocurarine (Sigma). All other compounds
were of the best grade available.

Methods. Albino rabbits of either sex
weighing 1.5-2.0 kg were killed by exposure
to pure CO. in a closed chamber for three
minutes. The irides were removed within 5
min, washed in ice cold Krebs solution,
blotted dry and weighed. The removal of
irides was done by the following procedure:
a small pair of forceps was inserted through
a frontal incision in the cornea so as to
grasp the iris, and by gentle manipulation
the entire iris together with the ciliary
body, which is not developed in rabbit, was
extracted intact. Twelve to 24 irides were
pooled, scissor minced and homogenized in
ice cold 0.32 M sucrose (12 irides/4.5 ml)
using an Ultra-Turrax homogenizer (setting
7, 30 sec). They were then homogenized
with a motor driven perspex pestle (950
rpm) in a glass homogenizer (5 strokes)
placed in an ice bucket. The whole homog-
enate was centrifuged in a clinical centri-
fuge (2 min, 500 rpm) and the supernatant
fluid collected. The pellet was rehomoge-
nized as described (1.5 ml per 12 original
irides) and recentrifuged. The supernatant
was added to the former to yield the S
fraction, which represents a homogenate of
2 irides/ml (~3.5 mg protein/ml). In some
cases the whole homogenate was used to
estimate the total binding; otherwise the S
fraction was used.

Binding assay. One hundred to two
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hundred microliters of the prepared frac-
tions were incubated at 25° in 2 ml modified
Krebs solution (25 mM Tris-HCI, 118 mm
NaCl, 4.69 mm KCl, 1.9 mMm CaCls, 0.54 mm
MgCl;, 1.0 mm NaH,PO,, 11.1 mM glucose),
pH 7.4, containing the labeled or labeled
and unlabeled ligands. After various incu-
bation periods, ice cold Krebs solution (3
ml) was added and the contents were
passed through a glass filter (GF/C, What-
man 25 mm diameter) by suction. The fil-
ters were washed thrice (3 ml cold Krebs
solution). All procedures were completed
within less than 10 sec and all binding ex-
periments were performed in duplicates to-
gether with duplicate samples containing
unlabeled drugs.

The filters were placed in vials containing
5 ml of scintillation liquid (330 ml triton X-
100, 660 ml toluene, 5.5 g PPO [Packard]
and 0.1 g POPOP [Merck]), maintained at
25° for 30 min, and the radioactivity then
assayed by liquid scintillation spectrometry
(Packard Prias Model PL). Each vial was
counted for 10 min, and corrections for
quenching were made by the quench curve
based on the external standard ratio
method using standard tritiated water and
toluene (Packard).

Specific binding is defined as the total
binding minus the binding in the presence
of 5 X 10~ m of 4-NMPB or atropine.

Protein was determined by the method
of Lowry et al. (17) using bovine serum
albumin as standard.

RESULTS

The binding of [*’H]-4NMPB at 25° was
studied on the S fraction and the whole iris-
ciliary body complex homogenate. The to-
tal binding in the former constituted about
80% of the binding in the latter, and the
experiments were therefore carried out with
the S fraction.

Equilibrium binding studies were per-
formed at a range of concentration from
0.15 to 5 nMm, shown in Fig. 1A for specific
and non-specific binding of [°*H]-4NMPB.
Specific ligand binding exhibited the hyper-
bolic shape typical for saturation phenom-
ena (half saturation at 0.5 nM ligand). Non-
specific binding was much lower and varied
linearly with ligand concentration. Replot-
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FiG. 1. Binding of [°H]-4NMPB at 25° as a function of concentration

A. 0.2 ml S fraction samples were incubated with varying concentrations of [°H}-4NMPB for 30 min in 2 ml
modified Krebs solution (pH 7.4) @@, total binding A——A, non-specific binding (in the presence of 5 x
10~° M 4-NMPB), O—0, specific binding (total binding minus non-specific binding). Each experimental point
represents the mean value of duplicate samples. B. Same data plotted according to Scatchard.

ting the binding data according to Scat-
chard (18) gave a straight line (Fig. 1B);
therefore [°H]-4NMPB binding reflects a
single population of binding sites at the
concentration range investigated. The dis-
sociation constant determined by Scat-
chard analysis was 0.48 nM, and the concen-
tration of specific [°’H]-4NMPB binding
sites was 0.22 pmole/mg protein, or 0.44
pmole per iris.

Binding was further investigated kineti-
cally. Figure 2 shows the time course of
association of [*H]-4NMPB at 2.0 nM, cor-
rected for nonspecific binding. Half satura-
tion was achieved in 1.5 min and maximum
binding in approximately 20 min. The ki-
netic data were replotted according to the
integrated rate equation for bimolecular re-
versible reaction:

B,q - Bg
lnB— = (ki[4-NMPB] - k)t (1)
eq
where B., and B, are the concentrations of
4-NMPB-receptor complexes at equilib-
rium and at time ¢, respectively. Free 4-
NMPB is in great excess and therefore can
be considered constant throughout the re-
action. Under such pseudo first order con-
ditions, data plotted according to this equa-
tion should yield a straight line if the reac-
tion is bimolecular. As shown in Fig. 2
(insert) the plot deviated from linearity.
Trying to fit a straight line based on least
square error analysis gives an intercept (at
t = 0) of 0.8. This deviation from the theo-
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FiG. 2. Time course of [*H]-4NMPB binding at
250

S samples (0.2 ml) were incubated in 2 ml modified
Krebs solution with [*H]}-4NMPB for various periods
of time. Specific binding was determined as described
in METHODS. Each experimental point represents the
mean value of duplicate samples. Insert: same data
plotted according to Eq. 1.

T

retical value of 1.0 is much larger than
usually encountered in other experiments,
indicating that the reaction is not simple
bimolecular.

The dissociation of [°H]-4NMPB recep-
tor complex, measured by an isotopic dilu-
tion technique, is shown in Fig. 3. The half-
time for dissociation is about 13 min.

To establish the specificity of [*H]-
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Fi16. 3. Dissociation of [*H]-4NMPB at 25°

S Samples (0.2 ml) were incubated for 30 min with
5 nM [°H]-4NMPB in 2 ml modified Krebs solution. 5
X 107° M 4-NMPB was then added and the samples
were filtered immediately (zero time) and at the times
indicated. Specific ["H]-4NMPB was determined as
described in METHODS. Each point represents the
mean value of two duplicate determinations ([°H]-
4NMPB bound).-o was 0.21 pmole/mg protein.

4NMPB binding in the iris homogenate,
competition experiments with unlabeled
ligands were carried out (Fig. 4A). The po-
tent muscarinic antagonists, (—) QNB, sco-
polamine and atropine, inhibited 50% of
[*H]-4NMPB binding at the nM range; the
agonists oxotremorine and carbamylcho-
line inhibited 50% of [°H]-4NMPB at 1.6
and 50 um, respectively. Non-muscarinic
drugs ((+)-tubocurarine, propranolol, halo-
peridol and phentolamine) at 10 uM concen-
tration did not affect the binding. The K,
values for the muscarinic antagonists (Ta-
ble 1) correlates well with their known
pharmacological potencies (16, 19), as do
the Is values of the agonists (6). The (—)
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isomer of QNB is 50 times more potent
than the (+) isomer, thereby estabhshmg
stereospecificity and again agreeing with
the pharmacological activity of QNB iso-
mers (16). Thus, the competition experi-
ments demonstrated that in iris homoge-
nate, as in the mouse brain (13), [*H}-
4NMPB binds specifically to muscarinic
acetylcholine receptors. Hill plots of the
competition curves (Fig. 4B) yielded Hill
coefficients close to 1 for all antagonists
tested, and less than 1 for agonists (Table
1). Such behavior has been reported previ-
ously for muscarinic receptors in several
preparations (10, 11, 20, 21).

DISCUSSION

The binding of [*H]-4NMPB to homog-
enates of albino rabbit iris-ciliary body ex-
hibits the characteristics typical of binding
to muscarinic acetylcholine receptors; that
is, the binding is saturable, of high affinity
(Fig. 1), and reduced by competmg ligands
while unaffected by non-muscarinic drugs
The relative potencies of the muscarinic
drugs in competing with [*H]-4NMPB
binding correlates well with their pharma-
cological potencies (6, 7, 19). These results
and previous work on 4-NMPB binding to
mouse brain homogenate (13) provide
strong evidence that 4-NMPB binds specif-
ically to muscarinic acetylcholine receptors.

The concentration of receptors was found
to be 0.44 pmole/iris or 0.22 pmole/mg S
fraction protein. This number of receptor
sites is relatively low in comparison to 2.0
pmole/mg protein in the longitudinal mus-
cle of guinea pig ileum (12), 0.6-2.0 pmole/
mg protein in different mammalian brains
(9, 10, 13), and 0.4 pmole/mg protein in the
chicken retina (20). On the other hand, it is
close to 0.16-0.23 pmole receptor sites/mg
protein in chicken heart (11), and 0.19
pmole/mg protein in the rat heart (22).
Under our experimental conditions the spe-
cific binding sites concentration was 0.04-
0.06 nM, or 400-600 cpm per filtered sample.

We were able to obtain reliable kinetic
and equilibrium data despite the relatively
small number of receptor sites because of
the high affinity of 4-NMPB to these sites
and the low non-specific binding in the
albino rabbit iris-ciliary body. The problem
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F16. 4. Competition binding for muscarinic drugs

A. S samples (0.2 ml) were incubated at 25° for 30 min in 2 ml modified Krebs solution containing 1.0 nm
[’H]-4ANMPB and the concentrations of unlabeled ligands indicated. Specific binding was determined as
described in METHODS. Each point represents the average of two duplicate determination. &—@, (—)QNB;
A—A, scopolamine; A——A, atropine; O——O0, (+)QNB; (0—-1], oxotremorine; B, carbamylcholine.
B. Hill plot of the same data. Y is the fractional binding of [°H]-4NMPB.

of non-specific binding to pigment (23) was
circumvented in this study by working with
albino animals. The strong interference of
non-receptor binding was observed in sim-
ilar studies on non-albino animals carried
out in our laboratory (23) and is in agree-
ment with previously published informa-
tion (24).

Inhibition by muscarinic agonists of an-
tagonist binding to the receptors in smooth
muscle (25), brain (10, 21), retina (20), heart
(11) and iris ciliary body (Fig. 4B) prepa-
rations all gave Hill coefficients lower than
1. This behavior can be related to hetero-
geneity in the binding sites of agonists (10),
or to negatively cooperative site-site inter-
actions, or to desensitization (25). More
detailed data should be obtained in order
to distinguish between these possibilities.

The binding of labeled muscarinic antag-
onists to homogenates of different central
and peripheral tissues show some typical
characteristics. The dissociation kinetics of
[*H])-4NMPB, [°H]-scopolamine (13) and
[*H]-atropine (14) in mouse brain homoge-
nate are biphasic. Similar behavior of dis-
sociation and association kinetics has been
observed for QNB in chicken heart (11) and
retina (20), and for 4-NMPB in mouse brain
(26); now the same phenomenon is seen in
the ivis for [°H]-4NMPB. Thus, the kinetics
of [*H]-4NMPB binding cannot be de-
scribed by a simple bimolecular reaction. It
is of course possible for two independent
classes of sites to have similar equilibrium
constants, as evident by the linear Scat-
chard plot, though their rate constants for
the association reactions differ. This would,
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TABLE 1
Binding constants and Hill coefficients (nu) for muscarinic ligands®
Drug Iso K& Ny
(M) (M)
[*H]-4NMPB - (48 £04) X 107" 1.01 £ 0.02
(-)QNB 1x10°° (29 +£0.5) x 107" 1.08 £ 0.03
(+)QNB 44 %1078 (1.3+£0.3) x 1078 0.96 + 0.05
Scopolamine 3.2x10°° (9.2+0.2) x 107" 0.94 + 0.05
Atropine 1.0 x 1078 (2.9 £ 0.5) x 107° 1.05 + 0.06
Oxotremorine 1.8 X 10°¢ - 0.82 + 0.04
Carbamylcholine 5x107° - 0.73 £ 0.05

®The average values of binding constants and Hill coefficients for unlabeled drugs determined in three
experiments similar to that in Fig. 4 are presented. The values for [’H]-4NMPB are the mean of 4 experiments

as shown in Fig. 1 (Hill plot is not shown).

® The concentration causing 50% reduction in binding of [°’H]-4NMPB (1.0 nm).

¢ Values for K, for antagonists were calculated assuming a simple competitive interaction between [*H]-
4NMPB and the competing ligand as described elsewhere (13). Values for Ky for agonists depend on the
mechanism responsible for the low Hill coefficients and cannot be calculated from these data.

however, require that the dissociation rate
constants differ by the same ratio, a rather
unlikely possibility. However, the minimal
reaction sequence R + L 2 RL 2 R’L can
account for the combined data. It is tacitly
assumed here that the binding of [*H]-
4NMPB(L) to its receptor (R) involves an
isomerization step (RL = R’L), and that
this step is relatively slower than the asso-
ciation dissociation reactions. The data on
muscarinic antagonist binding in other
cases were also best fitted by this sequential
model (11, 13, 14).

Evaluation of rate constants of the reac-
tions must be based on more detailed ki-
netic data. However, as a preliminary ap-
proximation, the association rate constant
of the reaction R + L & RL was estimated
from the initial rate of binding (Fig. 2) to
be 2.5 X 10°* M! min~’. The half-time for
dissociation (Fig. 3) of [*H]-4NMPB-recep-
tor complex is about 13 min. These kinetic
values are very similar to the values ob-
tained from binding studies of [*H]-
4NMPB in mouse brain (13) and in cat iris
homogenate (23), and clearly demonstrate
the fast on and off rates.

Salazar and Patil have shown a prolonged
mydriatic effect and retention of [*H]-atro-
pine in pigmented rabbits compared to un-
pigmented rabbits (24). The kinetics of
[*H]-4NMPB-receptor interaction in both
strains is similar. We found high non-recep-
tor binding of [°H]-4NMPB to homoge-
nates of pigmented irides (23), but not of

unpigmented irides. These findings support
the conclusion that muscarinic drugs are
retained by the melanine granules, produc-
ing a prolonged mydriatic effect in pig-
mented irides, as suggested previously by
Salazar and Patil (24). However, in albino
rabbits the mydriatic effect of atropine is
measured in hours. The relatively fast rate
of dissociation of 4-NMPB from the mus-
carinic receptors referred to above thus sug-
gests that other factors are responsible for
the prolonged mydriatic effects of musca-
rinic antagonists even in albinos.
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