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Muscarinic receptors M;, M; and Ms were expressed
in Sf9 cells. Three different patterns of inhibition of
Ca?* elevations could be resolved for the subtype non-
selective muscarinic receptor antagonists: (i) a right
shift of the agonist dose-response curve, (ii) a right
shift of the agonist dose-response curve and a depres-
sion of the maximum signal, and (iii) an intermediate
pattern where the antagonist apparently behaved
more competitively at higher concentrations. A simu-
lation performed assuming that these differences are
due to differences in the dissociation rates of the an-
tagonists reproduced all three different modes of inhi-
bition; the novel intermediate pattern (iii) is suggested
to be caused by an intermediate antagonist dissocia-
tion rate. A direct correlation between the type of inhi-
bition and the measured dissociation rate of the antag-
onists was also observed. Functional selectivity be-
tween receptor subtypes based on the dissociation
constants is suggested based on the results. o© 1998

Academic Press

Many G protein coupled receptor antagonists, known
to be competitive in binding studies, display an appar-
ent noncompetitive inhibition of agonist-induced sig-
nals (1-10). This has been suggested to be due to the
slow dissociation of the antagonist from the receptor
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Abbreviations: 4-DAMP, 4-diphenylacetoxy-N-metylpiperidine
methiodide; HBM, Hepes buffered medium; K4, the antagonist disso-
ciation constant; K;, the competitive inhibition constant; K/, the non-
competitive inhibition constant; ku, the measured antagonist disso-
ciation rate; mAChR, muscarinic acetylcholine receptor; NMS, N-
methyl scopolamine; t,,,, the antagonist dissociation half-time.
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(1, 2, 10, 11). Such a mechanism may thus affect all
fast or transient responses mediated by receptors. Be-
cause of its kinetic character this type of inhibition has
been called pseudo-noncompetitive (2) or insurmount-
able (11). Ca®* elevation is the best known rapid and
transient second-messenger signal due to a rapid of
IP; production and Ca?* store depletion as well as and
removal of Ca®* from the cytosol. Consequently, an ap-
parent noncompetitive inhibition has been observed in
muscarinic receptor mediated Ca?* and IP; responses
(1-4). previous results have suggested that pseudo-non-
competitive antagonist may show receptor subtype se-
lectivity (7). We have therefore in this study aimed to
scrutinize these previous observations by comparing
the effects of three different muscarinic receptor antag-
onists on three different muscarinic receptors coupled
to Ca?* elevation. Of the previously investigated antag-
onists only those displaying no subtype selectivity in
terms of binding affinity — NMS, atropine, 4-DAMP —
were chosen. To avoid any tissue differences the study
was performed using cloned human muscarinic recep-
tors heterologously expressed in Sf9 cells using the ba-
culovirus expression vector system (12).

MATERIALS AND METHODS

All the methods and materials used except the assay of binding
kinetics are essentially the same as in (12). Briefly, Spodoptera frugi-
perda (Sf9) cells were grown in TNMFH medium (pH 6.3, 9 mM
CaCl,) supplemented with penicillin, streptomycin, amphotericin B
and fetal calf serum in larger scale in suspension at 25°C using glass
spinner bottles.

Ca?* measurements. The cells were plated out on plastic culture
dishes (60 or 94 mm; Greiner, Germany), infected, adaptated to
pH 7.4, loaded with fura-2, and the Ca** measured and calculated
as described in (12). The antagonists were added 5 min prior to the
addition of carbachol. As calculated from the association rates, this
time was enough for 4-DAMP but not for NMS to reach a complete
occupation. Because longer antagonist incubation times were not
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practically possible, the association and dissociation rate constants
were used to calculate the actual receptor occupancies, and the an-
tagonist concentrations these would correspond to if the reaction was
in equilibrium.

Binding experiments with intact cells. The cells were cultured,
infected and detached as for the Ca*" measurements. They were
washed once and suspended in 300 ul HBM with 4.5 nM [*H]NMS
(90-100% saturation was obtained with this concentration) = 10 uM
atropine to determine the non-specific binding. Reactions were al-
lowed to proceed for 120 min at 22°C, a time in which binding reached
the maximum level. Reactions were terminated by rapid filtration
through glass fiber filters with subsequent 4 washes with ice-cold
HBM, the filters were dried and the radioactivity counted.

Kinetic binding experiments. The cells used in experiments were
grown in glass spinner bottles and infected with respective recombi-
nant virus with a multiplicity of infection of about 1. 48 h post infec-
tion the cells were spun down, washed twice with phosphate buffered
saline, and frozen down at —80°C. Cells were homogenized with a
Potter-type teflon homogenizer in homogenization buffer (50 mM
Tris-HCI, 5 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl
fluoride, 0.5 pg/ml pepstatin A, 0.2 mM benzamidine, pH 7.4) and
centrifuged for 40 min at 30 000 X g. Homogenization and centrifuga-
tion were repeated and the final pellets homogenized in incubation
buffer (20 MM K*-Hepes, 100 mM NacCl, 5 mM MgCl,, 1 mM EDTA,
pH 7.4) and stored at —80°C.

In the ligand association kinetic experiments the homogenate was
incubated at 25°C and reaction was initiated by the addition of the
radioligand (1.5 nM [*H]NMS or 5 nM [°*H]4-DAMP). At the time t,
aliquots of the reaction mixture were taken and the reactions were
terminated and free ligand removed by fast filtration through glass
fiber filters, presoaked in 0.3% polyethylenimine. The filters were
washed, dried and the radioactivity determined by scintillation
counting. Protein concentrations were determined by the modified
Lowry method (13) using BSA as standard. 1 uM atropine was used
to determine the nonspecific binding.

The dissociation kinetics of the receptor-radioligand-complex were
determined after preincubation of the homogenate with the radioli-
gands for 60 min at 25°C. The dissociation was initiated by addition
of atropine (final concentration 1 pM) or carbachol (10 mM), and
at the time t, aliquots of the reaction mixture were taken and the
specifically bound radioactivity was determined as described above.

Drugs. Atropine sulfate, BSA, carbamylcholine chloride (carba-
chol, CCh) and EGTA were purchased from Sigma Chemical Co. (St.
Louis, MO). 4-DAMP and NMS were from RBI (Natick, MA) and fura-
2 acetoxymethyl ester from Molecular Probes (Eugene, OR). [*H]4-
DAMP (75.4 Ci/mmol) and [*H]NMS (79.5 or 84 Ci/mmol) were pur-
chased from DuPont NEN (Boston, MA).

Mathematics. The equation for linear mixed inhibition (14) de-
scribes inhibition of an enzyme with an inhibitor binding both to the
substrate site and to an allosteric site with different affinities under
steady-state conditions. Although developed to describe a completely
different phenomenon, this equation gives comparable measures de-
scribing both the right-shift of the dose-response curve (K;) and the
depression of the maximum signal (K{), and it has thus been shown
to be useful in the analysis of the antagonistic effects (7).

[A] X A[Ca® |max
[A] X (1 + [1V/K)) + ECs X (1 + ([IVKS)

A[Ca?*] = [1]

A[Ca®'] is the [Ca® ]pasa SUbtracted from [Ca®*]; A[Ca®"]|max IS the
maximum Ca?* increase; [A] and [1] the concentrations of the agonist
and the antagonist, respectively; ECs, the [A] producing half-maxi-
mal stimulation; K; and K{ the competitive and the noncompetitive
inhibition constants, respectively. The non-linear least square curve
fitting was performed using SigmaPlot for Windows (Jandel Scien-
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tific, Corte Madera, CA) or GraphPad PRISM (GraphPad Software
Inc., San Diego, CA).

In order to understand the different modes of inhibition, a simple
kinetic model according to the receptor-inactivation theory (15, 16)
was constructed. This model was developed to explain signal decay
in a mechanistically more likely way than the rate theory (17) does.
Actually, the model of becomes formally identical to the receptor
occupation theory whenever k_; > k, < ks, and to the rate theory
(17), whenever k_; < k, > k; (15, 16).

<} Ky
R+ A ‘T—‘ RA R+1 ‘T—‘ RI
‘k g [2]
RA’

In this model, R is the receptor, A the agonist and | the antagonist.
As the reactions R + A C RA and R + | C RI would reach an
equilibrium and no apparent noncompetitivity would be observed,
an additional step from RA, which is the “active” receptor (represent-
ing the signal), to RA’, which is an inactive conformation (represent-
ing a conformation of the receptor which is uncoupled from the G
protein e.g. the low affinity form of the receptor or the desensitized
state), was included. This way of including irreversibility of interac-
tion was used in order to keep the model as simple as possible. In
reality the irreversibility of the response is probably in the most cases
dependent on the activation Ca?* outpumping. For the describing of
the response amplification, the active complex [RA] was taken as the
“agonist” in the hyperbolic function

[RA] X responsemax

response =
P [RA] + K.

3]

and the maximum obtainable agonist signal was normalized to 100%.
This simplified model was numerically integrated over time with
different hypothetical forward and reverse rate constants using the
freeware Gepasi 2.08 (18).

RESULTS

M;, M3z and Ms muscarinic receptor subtypes coupled
to Ca?* increase when heterologously expressed in Sf9
insect cells (12). This response was optimal 27-28 h post
infection; shorter infection times resulted in a weaker
signal and longer infection times in a high basal Ca?**
and a large variability in signals, probably due to gen-
eral adverse effects of the infection. At this time the
expression levels were 83.2 + 32.9, 117.7 = 60.3 and
36.6 + 26.8 fmol/mg protein, respectively (mean = SEM
of three determinations) and the corresponding ECs,-
values for carbachol-induced Ca** elevation of 7.36 +
0.54, 5.07 = 0.30 and 1.98 = 0.20 uM, respectively
(number of determinations = 25-26) . A typical fura-
2 fluorescence recording of cells expressing the Hm3
receptor is shown in Fig. 1A. When high concentrations
of carbachol (sufficient to completely displace the an-
tagonists from the receptor under equilibrium condi-
tions) were added to Hm3-expressing cells preincu-
bated with atropine, the Ca?* response was clearly bi-
phasic with a fast initial phase followed by a slow
increase in the signal. The control value was reached
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In A The effect of different antagonists on carbachol (2.8 mM) induced Ca?* elevation shown as three representative experiments

performed with Sf9 cells expressing Hm3 receptors. The uppermost trace is control (no antagonist present), the middle trace is performed
in the presence of 10 nM atropine and the lowermost trace in the presence of 1 nM NMS. In B, C and D the three observed patterns of
inhibition presented with different antagonists on Sf9 cells expressing Hm5 receptors. Each data point is mean = SEM from at least two
determinations from two independent infections. The antagonist concentrations are indicated in the picture. The NMS concentrations in B

are not corrected.

approximately in 1-2 min compared to the about 30 s
in the absence of atropine. In the presence of NMS only
a fast phase of the response could be seen and the
A[Ca®**]max Value of the control trace was not reached
during the time span of the experiment. The faster
phase of the signal in the presence of the antagonist
may thus represent the binding of the agonist to the
free receptor population and the slow phase competi-
tion with (and displacement of) the antagonist. NMS
would thus be markedly slower displaced from Hm3
receptors than atropine.

When the effects of the three different antagonists
(4-DAMP, NMS and atropine) were tested on the car-
bachol dose-response curves, they were observed to
inhibit the carbachol induced Ca?" elevation in differ-
ent ways with respect to the right-shift of the dose-
response curve and the depression of the maximum
signal. Three different patterns could be separated
(Table 1). In addition to apparent competitive inhibi-
tion (right-shift of the dose-response curve without a

depression of the maximum signal; Fig. 1B; see also
(10)) and apparent noncompetitive inhibition (a right-
shift of the dose-response curve and a depression of
the maximum signal; Fig. 1C; see also (7, 10)) a third
type of inhibition—here referred to as apparent par-
tial noncompetitive inhibition—was observed (Fig.
1D, Table 1). The K; and K| values calculated using
the equation for linear mixed inhibition (7, 14) for
the first two types of inhibition were independent
of antagonist concentration (Table 1) and the Schild
plots linear with slopes of unity or more, respectively.
The analysis of the third pattern of inhibition re-
sulted in decreasing K; and increasing K] values
when the antagonist concentration was increased i.e.
the apparent competitivity of the antagonistic effect
increased with increasing antagonist concentration
(Figs. 1D and 2A). The different effects of the antago-
nist are likely to be caused by a true effect on the
muscarinic receptors as the octopamine (1 mM; en-
dogenous octopamine receptor (19) agonist) and thap-

TABLE 1
The Apparent Modes of Inhibition of Carbachol Induced Ca*" Increase by Different Antagonists

Apparent type of

Antagonist Receptor inhibition Ki (nM) K{ (nM)
NMS M, Partial noncompetitive — —
Ms Partial noncompetitive — —
Msg Noncompetitive 0.0126 * 0.0017 0.0398 + 0.0041
Atropine M, Partial noncompetitive — —
Mj Competitive 0.111 + 0.026 —
Ms Partial noncompetitive — —
4-DAMP M, Competitive 0.369 *+ 0.056 —
Mj Competitive 0.242 + 0.034 —
Ms Competitive 0.645 *+ 0.092 —

Note. In the cases where the K; and/or K| could be calculated (apparent competitive and noncompetitive inhibition), they are indicated.

The values are mean = SEM of 14-18 determinations.
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FIG. 2. The apparent partial noncompetitive inhibition. In A the

dependence of K; and K| of [antagonist] exemplified by the behaviour
of NMS in Sf9 cells expressing M; or M; receptors. The values are
given as mean = SEM of at least two determinations. The concentra-
tions of NMS have been corrected as described under Materials and
Methods. In B and C the dose-response curves simulated using Gep-
asi 2.08 (18). The antagonist was assumed to have reached an equilib-
rium with the receptor population whereafter the agonist would have
been added. In B the rate constants for the agonist are k, = 10°
M™1s™t k_; =151 k, =0.0157% ks = 10°s7?, and for the antagonist
k,=3x10° M~*s7! and k_,=3x10"2 s, The dissociation curves were
generated and then amplified according to the equation 3 (Ks=30%).
The different antagonist concentrations are 0, 0.1, 1, 10, 100, and
1000 nM. In C the agonist rate constants are kept the same but the
antagonist association and dissociation rate constants varied: dotted
lines: k,=1x10° M~*s™* and k_,=1x10"* s™*, antagonist concentra-
tions shown 1 nM, 10 nM, and 100 nM; dashed lines: k,=1x10°
M™'s™* and k_,=1x10"* s7*, antagonist concentrations shown 1 nM,
10 nM, 100 nM, and 1000 nM. The solid line represents agonist in
the absence of the antagonist.

sigargin (1 uM; endoplasmic reticulum Ca®"-ATPase
inhibitor) -induced Ca®" elevations were not affected
by any of these compounds (data not shown).

The first two patterns would be expected to be caused
by fast and slowly dissociating antagonists (7, 10), re-
spectively, but the third pattern is reminiscent of allo-
cteric modulation. Computer simulations were used to
see if also the third pattern could be obtained by chang-
ing the antagonist dissociation rate constants. Carba-
chol dose-response curves were created for different an-
tagonist concentrations. The equilibrium constant for
antagonist binding was kept constant (= 1 nM) but
the on- and off-rate constants of receptor-antagonist-
complex formation (k, and k_,, respectively, in equa-
tion (2)) were varied. A low degree of amplification was
chosen (Ks=30%) as there was no indication of receptor
reserve (i.e. apparent competitive inhibition at low an-
tagonist concentrations and noncompetitive at higher).
If the dissociation kinetics of an antagonist are slow
enough the dissociation from the receptor before the
time in which the maximum stimulation occurs (before
“decline™) is negligible resulting in apparently noncom-
petitive inhibition. With increasing on- and off-rates
the apparent type of inhibition goes from noncompeti-
tive (Fig. 2C, dotted lines) to partial noncompetitive
(Fig. 2B) and further to competitive (Fig. 2C, dashed
lines).

The dissociation rates of [*(HJNMS and [°*H]4-DAMP
([®H]atropine is not commercially available anymore)
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were also measured. The association and dissociation
reactions were first order reactions, i.e. there was no
manifestation of allosteric effects or co-operativity. 4-
DAMP was shown to dissociate more than 10 times
faster from all the receptor subtypes than NMS (Table
2). The dissociation rate did not depend on whether
agonist (carbachol) or antagonist (atropine) was used
to initiate the dissociation (data not shown); also, a
complete displacement was obtained with both. Com-
parison between receptor subtypes indicated signifi-
cantly slower (p < 0.05) dissociation of both radioli-
gands from Ms-subtype than from subtypes M; or M.
This is in agreement with previous studies in CHO-K1
cells (20).

According to the simulations and the functional ex-
periments both the antagonists and receptors could be
put in order according to their apparent competitivity
(Table 3). Also the dissociation rate of atropine could
be qualitatively predicted although its dissociation rate
could not be directly determined (Table 3).

DISCUSSION

The results of the present study demonstrate that
the dissociation rate of an antagonist has profound ef-
fects on the mode of inhibition of agonist-stimulated
Ca?* mobilization. Differences between receptor sub-
types as well as antagonists with respect to the appar-
ent competitivity-noncompetitivity were seen. Binding
experiments show that no true noncompetitivity of in-
teraction takes place at the receptor; therefore the in-
teractions could be called pseudo-noncompetitive, as
suggested by El-Fakahany et al. (2). Although it has
been suggested earlier as one of the possibilities that
the dissociation rate of the antagonist may describe the
pseudo-noncompetitive effects (1) very little has been
done to prove this in practice or even in theory. The
simulations performed demonstrate that the differ-
ences in antagonist dissociation rates are sufficient to
explain this phenomenon. In addition to the previously
described apparent modes of inhibition, i.e. competitive
and noncompetitive inhibition, a novel apparent type
of inhibition—partial noncompetitive inhibition— was
found both in the simulations and in the experiments.

SH-SY5Y human neuroblastoma cells, which express
M; and M; receptors, have been observed to display
higher K{/Ki-ratios for antagonists as compared to
IMR-32 human neuroblastoma cells which express only
M; (7). An overall higher degree of apparent competiti-
vity in Mj; receptors than in M; receptors was thus
suggested (7). The result of the present study agree
well with these data with respect to atropine. The Ca**
elevations in Sf9 cells are relatively slow and long-last-
ing as compared to the rapid and transient responses
in neuronal cells like SH-SY5Y. A slow dissociation
rate would have a much more profound effect in a fast
responding system (see also (10)). This could also be
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TABLE 2
Rate Constants of Receptor-Radioligand-Complex Dissociation (K.¢) and the Corresponding Dissociation Half-Times (ty,)

Kett (571) or ty, (min)

Receptor
Radioligand \V/ M; Ms
[PHINMS 0.58 = 0.15 x 103s? 0.52 + 0.03 x 1073s7* 0.20 + 0.03 x 107357t
19.6 = 5.1 min 22.2 + 1.3 min 55.0 + 10.7 min
[*H]4-DAMP 11 +2x103%s™? 14 + 2 x 10357t 26 +05x10°%s™

1.05 = 0.19 min

0.825 = 0.119 min 4.44 + 0.87 min

Note. The values are mean + SEM of 3 determinations in triplicate.

seen in the simulations; if k,-which essentially governs
the rate of response decay-was increased, antagonists
had to dissociate much faster to display apparent com-
petitive inhibition (data not shown). Therefore even 4-
DAMP displays some pseudo-noncompetitive effect in
SH-SY5Y neuroblastoma cells.

One of the central questions in studies on receptor
function is how the signals are transmitted to the cell.
The current models use assumptions of a steady-state
situation to describe the receptor activation-effector
coupling (11). It should, however, become increasingly
evident from the results such as those shown in the
present study that there is a need for dynamic receptor
models. It can even be argued on the theoretical basis
that steady-state models will not describe most of the
physiological signals due to agonist metabolism,
GTPase activity of G proteins, changes in agonist affin-
ity due to guanylyl nucleotide binding, feedback regula-
tion such as receptor kinases, etc. We have therefore
used the more flexible-and in our opinion more useful-
of the two dynamic receptor models, the receptor-inac-
tivation model (15, 16, the other is the rate theory 17),
to simulate the receptor behaviour. This model gives
relatively realistic values although it is also obvious
that all the signal decay features cannot be ascribed to
the receptor alone but a more complex model including
a simplified signalling cascade will also be required. In

TABLE 3

The Order of Apparent Competitivity for the Muscarinic
Receptor Subtypes and Antagonists Studied Suggested by the
Experiments and the Simulations

Antagonist or
receptor subtype

The order of apparent
competitivity

4-DAMP M; = M; = Mg
Atropine M; > M; = Mg
NMS M; = M3z > Ms
M, 4-DAMP > atropine = NMS
M, 4-DAMP =~ atropine > NMS
Ms 4-DAMP > atropine > NMS
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our simulations a 30-fold change in dissociation con-
stant was required for each simulated pattern to
emerge whereas the measured values were of the order
3-5 times. This suggests that in reality the response
may consist of several nonlinear amplification steps,
the kinetics of which cannot be determined experimen-
tally at the present (21). The stochiometry of R-G-E
coupling suggest a several-fold amplification down-
stream at each coupling step (21). The Ca?" response
itself can be amplified by Ca?* activation of phospholi-
pase CS (reviewed in 22) and stimulation of IP; recep-
tor function (23, 24, reviewed in 25). In the develop-
ment of new receptor models the pseudo-noncompeti-
tive inhibition is a tool of great value as it is governed
by the easily measured dissociation rate, and any devi-
ation in the real situation from the one predicted by the
model suggests a further complexity of the signalling
cascade.
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