aspet.’

MOLECULAR PHARMACOLOGY, 20:519-525

Phenoxybenzamine and Dibenamine Interactions with Calcium Channel

Effectors of the Muscarinic Receptor

Esam EL-FARKAHANY AND ELLIOTT RICHELSON
Departments of Psychiatry and Pharmacology, Mayo Foundation, Rochester, Minnesota 55905

Received October 28, 1980; Accepted June 29, 1981

SUMMARY

Phenoxybenzamine and dibenamine were more effective at blocking muscarinic acetyl-
choline receptor-mediated cyclic GMP formation in mouse neuroblastoma cells (clone
N1E-115) than at blocking radiolabeled antagonist binding to the muscarinic receptors of
these cells. High calcium concentrations antagonized the effects of these 2-halogenoeth-
ylamines on the cyclic GMP response but not on the receptor binding. In addition, the
apparent equilibrium dissociation constant for carbachol and the muscarinic receptor
determined in the biological assay with the use of the 2-halogenoethylamines was several-
fold greater than that determined by radioligand binding assays. These results suggest
that phenoxybenzamine and dibenamine interact with calcium channels in addition to
muscarinic receptors, and on the basis of these and other results, we propose a scheme for
the interactions of agonists and antagonists with muscarinic receptors and their effectors

(calcium channels).

INTRODUCTION

2-Halogenoethylamines represent a unique pharma-
cological class of irreversible antagonists having diverse
effects. It is well documented that they inhibit responses
induced by activation of muscarinic acetylcholine (1-3),
alpha-adrenergic (4, 5), histamine H, (6), 5-hydroxytryp-
tamine (7), dopamine (8), and opiate receptors (9). They
also antagonize responses due to nonreceptor stimulants
such as calcium, potassium, and barium (5, 10, 11).

The antagonistic action of 2-halogenoethylamines at
various receptor systems would appear more plausible on
the basis of their inhibitory effect on a common effector
rather than on exclusive reliance on their tenuous molec-
ular complementarity with obviously diverse receptor
sites. To obtain data in support of this hypothesis, we
investigated the effects of these agents on both musca-
rinic receptor-mediated cyclic GMP formation and mus-
carinic ligand binding by intact mouse neuroblastoma
clone N1E-115 cells.

MATERIALS AND METHODS

Cell culture conditions. Mouse neuroblastoma clone
N1E-115 cells (subculture 9-20) were grown in tissue
culture flasks (150 cm?/1000 ml; Corning Glassworks,
Corning, N. Y.), in 40 ml of Dulbecco’s modified Eagle’s
medium (Grand Island Biological Company, Grand Is-
land, N. Y., Catalogue No. 430-2100) supplemented with
10% (v/v) newborn calf serum (Grand Island Biological
Company) (Medium I) at 37° in an atmosphere consisting
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of 10% CO. and 90% humidified air. The cells were
subcultured by incubation in a modified Puck’s D, solu-
tion (12) (Medium II), resuspension in Medium I, and
distribution into flasks (approximately 5 % 10° cells per
flask). The culture medium was changed on day 5 and
every day thereafter by adding 10 ml of fresh Medium I
and removing 10 ml of medium. The medium was
changed nearly 24 hr before harvesting the cells for assay.
Cells used for binding assays were at least 1 week post-
subculture; cells for the cyclic GMP experiments, at least
12 days post-subculture (13).

Assay of muscarinic receptor-mediated cyclic GMP
formation. Relative changes in cyclic GMP formation
were assayed using a radioactively labeled precursor and
intact cells. The details of the method were described
elsewhere (14). Briefly stated, the cells were harvested
for assay by aspirating Medium I and incubating for 5
min with Medium II, followed by low-speed centrifuga-
tion (250 x g) for 90 sec at 5°. The pellet was washed
twice with a buffer having the following composition
(millimolar) (Medium III): NaCl, 110; KCl, 5.3; CaCl;, 1.8
(unless otherwise stated); MgCl., 1.0; glucose, 25; and 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 20.
The pH was adjusted to 7.3 and sucrose was added to
adjust osmolality to 335-340 mOsm. The cells were re-
suspended in 2 ml of Medium III, incubated with
[®*H]guanine, 10 xCi/ml (1uM final concentration), and
rotated at 37° for 45 min at 80 rpm (Gyratory Shaker,
New Brunswick Scientific Company, Edison, N. J.). The
cell suspension was diluted with Medium III and distrib-
uted into the wells of multiwell trays (Disposo trays,
FB16-24TC, Bellco Glass, Vineland, N. J.) in 240-ul ali-
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quots. After incubation of cells at 37° for 15 min in a
shaker bath (Model 25, GCA/Precision Scientific Com-
pany, Chicago, Ill.) at 80 oscillations/min, the cells were
treated as described under Results. The carbachol was
added in 30 pl of Medium III for 30 sec and the reaction
was terminated by the addition of 30 ul of 50% (w/v)
trichloroacetic acid. After adding to each well 0.5 nCi of
4C-labeled cyclic GMP as an internal standard, the con-
tents of each well were passed through an AG50-W-X2
ion exchange column (0.8 X 8 cm) which had been
equilibrated with 0.1 N HCL. Each well was then washed
with 0.5 ml of 5% (w/v) trichloroacetic acid and the wash
was transferred to the columns, which were then washed
successively with 4.4 ml of 0.1 N HCI (eluate discarded),
1.0 ml of water (eluate discarded), and finally 1.4 ml of

_water which was collected in plastic Microfuge tubes. To

this eluate, equal volumes (25 pl) of 3.2 M ZnSO, and 3.2
M Na;CO; were added to precipitate any residual GDP
or TP. The tubes were then centrifuged in a Microfuge
(Beckman Instruments, Palo Alto, Calif.), the superna-
tant was transferred to 7 ml of 3a70B complete counting
cocktail (Research Products International Corporation,
Elk Grove Village, Ill.), and the radioactivity was deter-
mined in a Searle Isocap/300 liquid scintillation counter.
Efficiency rates for counting tritium and carbon atom 14
in their respective channels were 38% and 45% on aver-
age, respectively. All samples were corrected for the
recovery of *C-labeled cyclic GMP, which was usually
approximately 75%, and quenching was corrected by
using the external standard ratio technique. In general,
duplicates differed from their means by less than 20%.

Muscarinic receptor binding assay with mouse neu-
roblastoma cells. The assay procedure for binding of the
muscarinic receptor antagonist [PHJQNB' to intact
mouse neuroblastoma cells was as described before (13).
Mouse neuroblastoma cells were harvested as described
above, suspended in Medium III (pH 7.3), and then
frozen and thawed once (a procedure which reduced
nonspecific binding to cells). For the binding assay the
tissue was incubated for 45 min at 37° in 2 ml of Medium
III containing six to eight concentrations of (—)-[°’HJQNB
(40.2 Ci/mmole) in duplicate, with or without 1 uM atro-
pine (for nonspecific binding) in the presence or absence
of the halogenoethylamines. The assay was terminated
by filtering the suspension through Whatman GF/B fil-
ters (2.4 cm, Whatman, England) under vacuum followed
by rapidly washing the filters four times with ice-cold
0.9% (w/v) NaCl solution. After 5-10 min, the filters were
placed into scintillation vials to which were added 7 ml
of scintillation cocktail. Radioactivity was determined at
least 8-12 hr later.

To determine the ICs, values for halogenoethylamines
and carbachol, cells were incubated in duplicate with a
fixed concentration of [PHJQNB (0.5 nM) and increasing
concentrations of the displacing compound in the ab-
sence or presence of 1 uM atropine. In general, duplicates
varied from the mean by less than 10%.

Data analysis. All experimental data were fit to the

following logistic function (15):
__M[A)”
E-ar+x M

! The abbreviation used is: QNB, quinuclidinyl benzilate.

where E is the observed effect, which in our studies is
either percentage of control maximal cyclic GMP re-
sponses or percentage of control radioligand binding; M
is the maximal effect; [A] is the concentration of agonist
or competitor; K is the concentration of agonist causing
50% of maximal cyclic GMP response or concentration of
a competitor causing 50% inhibition of specific radioli-
gand binding; and P is the slope factor, the absolute
value of which is equivalent to the Hill coefficient
(“pseudo-Hill coefficient” when radioligand A is being
displaced by compound B).

Fitting this function to the data by the least-squares
method of Waud and Parker (15) was achieved with the
use of a Hewlett-Packard 9845B desktop computer.
Graphs were generated by this computer and plotted on
a Hewlett-Packard 9872B plotter.

Protein assay and cell counts. Protein was determined
by a modification of the procedure reported by Lowry et
al. (16), with bovine serum albumin as standard. Cell
counts were obtained with an electronic cell counter
(Model Zg, Coulter Electronics, Hialeah, Fla.).

Chemicals. Carbamylcholine hydrochloride and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid were ob-
tained from Sigma Chemical Company (St. Louis, Mo.);
phenoxybenzamine hydrochloride and dibenamine hy-
drochloride were purchased from Smith Kline & French
Laboratories (Philadelphia, Pa.); [*H]guanine and “C-
labeled cyclic GMP from Amersham/Searle Corporation
(Arlington Heights, Ill.); and (—)-[’H]JQNB (40.2 Ci/
mmole) from New England Nuclear Corporation (Bos-
ton, Mass.).

RESULTS

Effect of phenoxybenzamine and dibenamine on mus-
carinic receptor-mediated cyclic GMP formation. Incu-
bation of mouse neuroblastoma clone N1E-115 cells with
0.2 uM phenoxybenzamine or 5 g.u dibenamine for 30 min
in buffer containing 1.8 mm Ca** resulted in a significant
reduction in maximal cyclic GMP formation induced by
the muscarinic receptor agonist carbachol (Fig. 1A) with-
out any significant change in the time course of cyclic
GMP formation (data not shown). This reduction in the
maximal response was accompanied by a shift of the
concentration-cyclic GMP formation curve to the right
with a concomitant increase in the agonist’s ECs (con-
centration producing 50% of the maximal response).

From these data we calculated ICs, values (concentra-
tion of antagonist that inhibits by 50% specific binding or
maximal response) for the haloalkylamines realizing that
it is a time-dependent parameter, according to the for-

mula (17)
M ]
W (l + m) 2)

where M is the maximal response or binding in absence
of antagonists, M’ is the maximal response or binding in
presence of antagonists, and [I] is the concentration of
antagonist.

We found these ICs values to be 0.1 uM and 2.2 uM for
phenoxybenzamine and dibenamine, respectively (Table
1). We also determined the apparent percentage of recep-
tors inactivated by the antagonists under these condi-
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F1G. 1. Effect of phenoxybenzamine and dibenamine on musca-
rinic receptor-mediated cyclic GMP formation in mouse neuroblas-
toma clone N1E-115 cells

Cells were prepared for assay as described under Materials and
Methods, then incubated in 1.8 mm Ca?®* (A), or 10 mm Ca?* (B) without
antagonists (+), with 0.2 um phenoxybenzamine (+), or with 5 um
dibenamine (#) for 30 min. *H-labeled cyclic GMP was determined
after cells were then stimulated with the indicated concentrations of
carbachol for 30 sec. Each point is the average of data pooled from
three to nine experiments. Data are presented as percentages of maxi-
mal carbachol-induced cyclic GMP formation in control cells. The
standard error was around 20% of the mean.

tions, according to the following formula which was de-
rived by Furchgott (18):

where [A] is the concentration of free agonist in region
of the receptors and in absence of antagonists, [A’] is the
concentration of free agonist in region of the receptors
producing a response equal to [A] in the presence of
antagonists, g is the fraction of receptors remaining in
active form after irreversible inactivation of 1 — g by
antagonists, and K, is the equilibrium dissociation con-
stant of the agonist-receptor complex.

With the use of this formula, it appeared that in these
experiments phenoxybenzamine and dibenamine inacti-
vated 79% and 81% of the receptors, respectively (Table
2). In addition, from the plot of 1/[A] against 1/[A’], the
apparent equilibrium dissociation constant (K,) for car-
bachol (estimated from the slope and the intercept of the
resulting straight lines) was 400 uM + 99 (mean + SEM,
n = 12) using pooled data from experiments with either
phenoxybenzamine or dibenamine.

When the same experiments were carried out in buffer
containing 10 mM Ca®*, both antagonists were less effec-
tive at antagonizing carbachol-induced cyclic GMP for-
mation (Fig. 1B), resulting in ICs values of 0.47 um and
14.1 pm for phenoxybenzamine and dibenamine, respec-
tively (Table 1). However, the apparent percentage of
receptors inactivated by the antagonists was not signifi-
cantly changed by raising the external calcium concen-
tration (Table 2). In addition, the apparent equilibrium
dissociation constant for carbachol in high calcium con-
centration was 153 + 44 (n = 8), a value which is
significantly different (p < 0.0125) from that obtained in
low-calcium buffer (see above).

The slope factors or Hill coefficients for carbachol at
1.8 mm Ca®* (Fig. 1A) were 1.37 + 0.14, 1.30 £ 0.11, and
1.40 + 0.15 (mean + SEM) for carbachol alone, carbachol
with dibenamine, and carbachol with phenoxybenzamine,
respectively. These values were significantly greater than
1 (p < 0.025 in each case). At 10 mm Ca’* (Fig. 1B) the
Hill coefficients were 2.45 + 0.40, 1.73 £+ 0.18, and 1.62
+ 0.25 for carbachol alone, carbachol with dibenamine,
and carbachol with phenoxybenzamine, respectively. The
slope factors for carbachol at the higher calcium concen-
tration were significantly greater than those found at the
lower calcium concentration, either in the absence of
antagonists (p < 0.01) or in the presence of dibenamine
(p <0.025) but not in the presence of phenoxybenzamine
(probably because of the smaller number of determina-
tions in this case).

Effect of phenoxybenzamine and dibenamine on
[*H]QNB binding. Preincubation of mouse neuroblas-
toma clone N1E-115 cells for 30 min with increasing

1. 1 . 1 + u__.gl . 1 (3) concentrations of phenoxybenzamine or dibenamine re-
Al q [4] q Ka sulted in a gradual reduction in the specific binding of
TaBLE 1
Effect of calcium on the ICso values (micromolar) of phenoxybenzamine and dibenamine in cyclic GMP and [*H]QNB binding assays
Condition [°HIQNB binding Cyclic GMP
Phenoxybenzamine Dibenamine Phenoxybenzamine Dibenamine
1.8 mm Ca®* 0.45 £+ 0.08 (6)° 6.57 £ 0.85 (8) 0.1 £ 0.01 (5)* 2.16 £ 0.32 (7)*
10 mm Ca** 0.65 + 0.22 (3)° 109 + 3.3 (3)° 0.47 £ 0.08 (3)¢ 14.1 + 2.6 (5)¢

® The numbers in parentheses represent the number of independent observations.
% Significantly different from values obtained in binding experiments (p < 0.00025).
° Not significantly different from values obtained in low calcium (p > 0.05).

9 Significantly different from values obtained in low calcium (p < 0.00025).
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TaBLE 2
Effect of calcium on the percentage of receptors inactivated by 0.2 pM phenoxybenzamine or 5 uM dibenamine as calculated from cyclic GMP
and [*H]QNB binding assays
Condition [*H]QNB binding Cyclic GMP
Phenoxybenzamine Dibenamine Phenoxybenzamine Dibenamine
1.8 mm Ca®™* 284 + 2.5 (3)° 408 + 4.2 (5) 79.3 £ 6.1 (5)° 80.8 + 4.6 (7)®
10 mM Ca®* 271+ 74 (3)° 35.0 + 8.8 (3)° 75.2 £ 9.6 (3)° 74.8 + 5.5 (5)°

? The numbers in parentheses indicate the number of independent experiments.
® Significantly different from values obtained in binding experiments (p < 0.00025).
° Not significantly different from values obtained in low calcium (p > 0.1).

[*H]QNB (Fig. 2) with slope factors of 1.04 + 0.19 and
0.89 + 0.11 for phenoxybenzamine and dibenamine, re-
spectively, values which were not significantly different
from 1 (p > 0.15 in each case). The ICs values (concen-
tration producing 50% inhibition of specific binding) were
037 + 0.03 uM and 8 + 0.6 uM (mean + SEM) for
phenoxybenzamine and dibenamine, respectively.

When we used six to eight concentrations of ["H]QNB
in the absence of the irreversible antagonists or in the
presence of 0.2 uM phenoxybenzamine or 5 uM dibena-
mine, we were able to determine maximal binding capac-
ity and equilibrium dissociation constants of ["HJQNB in
the absence and the presence of the antagonists. At these
concentrations of the antagonists, there was no signifi-
cant change in the _apparent Kp values of [PHJQNB
(Table 3), p > 0.1 in all cases when compared with
control, whereas there was a reduction in the apparent
number of receptors (Table 2). In addition, increasing
Ca’* concentration did not have any significant effect on
the apparent dissociation constant for [P[HJQNB (Table

3).

The ICs values for the haloalkylamines were calcu-
lated from Eq. 2 using maximal specific binding in the
absence and the presence of the haloalkylamines. From
these experiments and the experiments using one con-
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F1G. 2. Effect of phenoxybenzamine and dibenamine on ['H]QNB
binding in mouse neuroblastoma clone N1E-115 cells

Cells were prepared for assay as described under Materials and
Methods, and then incubated with 0.5 nM [’HJQNB in the presence of
increasing concentrations of phenoxybenzamine (#) or dibenamine
(s). Data are presented as percentages of the specific ["H}IQNB binding
in the absence of displacers. Each point is the average obtained from
three experiments. The standard error was less than 10% of the mean.

centration of [PlHJQNB and several concentrations of the
haloalkylamines, we calculated ICs, values of 0.45 umM and
6.57 um for phenoxybenzamine and dibenamine, respec-
tively, for inhibition of [PH]QNB binding (Table 1). The
percentage of inactivated receptors (Table 2) or the
inhibition constants for ["H]JQNB binding (Table 1) did
not change by raising the external calcium concentration.

Displacement of [PH]JQNB binding by carbachol.
When the cells were incubated with 0.5 nm [PH]QNB in
Medium III containing 1.8 mmM Ca®*, there was a gradual
reduction of the specific binding as a function of the
concentration of carbachol present in the incubation
medium (Fig. 3). In these experiments, carbachol had

?e factors of 0.73 + 0.03 and 0.67 + 0.03 in 1.8 mm
Ca** and 10 mm Ca’*, respectively. These values were
significantly different from 1 (p < 0.0025 in each case)
and not significantly different from each other ( p > 0.05).

DISCUSSION

Our data show that, in mouse neuroblastoma cells,
phenoxybenzamine and dibenamine were more potent in
inhibiting muscarinic receptor-mediated cyclic GMP for-
mation than in inhibiting muscarinic receptor ligand
binding. That is, these haloalkylamines caused more
apparent loss of receptors in a biological assay than in a
binding assay, which results raise some questions con-
cerning the nature of the “receptors” inctivated by these
agents. Similar results have been reported by Takeyasu
et al. (19) in guinea pig ileum.

Activation of muscarinic receptors of this mouse neu-
roblastoma clone causes large increases in cyclic GMP
levels (13, 14, 20) which appear to be mediated by an
increase in calcium entry (21, 22). In addition, muscarinic
receptor agonists are known to increase calcium influx in
guinea pig ileum (23). In the present study we found that
increasing the external calcium concentration increased
the IC;o values of haloalkylamines in cyclic GMP assays
but not in binding assays. These observations suggest
that these antagonists interact with calcium binding sites

TABLE 3
Apparent equilibrium dissociation constant (picomolar) of [*H]JQNB
in absence and presence of haloalkylamines

Condition Control Phenoxybenz- Dibenamine
amine
1.8 mm Ca®* 57+ 8(8)" 47x5(5) 76 £ 7 (6)
10 mm Ca®* 64+1(3) 60 + 4 (3) 76 £ 10 (3)

“ Numbers in parentheses represent the number of independent
observations.
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Fi16. 3. Carbachol displacement of a muscarinic radioligand from
mouse neuroblastoma clone N1E-115 cells

Cells were prepared for assay as described under Materials and
Methods and were incubated with 0.5 nu ["HJQNB and increasing
concentrations of carbachol in 1.8 mmM Ca®* (+) or 10 mm Ca** (#). Data
are presented as percentages of the specific binding in the absence of
carbachol. Each point is the mean value from four experiments. The
standard error was less than 10% of the mean.

in addition to the receptors. However, an alternative
explanation could be provided by the differences in the
experimental conditions between binding studies and
cyclic GMP assays. In binding assays, the ligand was
present with the haloalkylamine for 45 min, whereas in
cyclic GMP experiments the contact time was only 30
sec. There might be a slowly reversible component of
haloalkylamine binding, which might manifest itself as a
higher percentage inactivation of the receptors on cyclic
GMP responses than in binding assays. One could also
argue against this hypothesis since we do not know the
stoichiometry of the agonist-receptor complex. If, for
instance, there are two agonist sites per receptor complex
and both are required to be occupied to give a cyclic
GMP response, then occupancy of the sites by an irre-
versible antagonist will have a much greater effect on the
response than on the binding.

There is evidence in the literature to support the
hypothesis that haloalkylamines interact with calcium
channels as well as receptors. Ogino (5) has reported that
dibenamine blocks contractions induced by alpha-adre-
nergic agonists in rat vas deferens, and that this blockade
is antagonized by increasing the external calcium concen-
tration. In addition, methoxyverapamil, diazoxide, and
local anesthetics enhance the recovery of the blocking
effect of phenoxybenzamine and dibenamine on alpha-
adrenergic receptor-mediated effects in rat vas deferens
(4, 24). All of these agents are known to mediate their
effects mainly through blocking calcium channels (25).
Lanthanides which interact with calcium binding sites
are able to abolish the effect of dibenamine on muscarinic
receptor-mediated cyclic GMP formation (26). More di-
rect evidence for the interaction of 2-halogenoethyla-
mines with calcium channels is provided by the fact that
both phenoxybenzamine and dibenamine inhibit ‘*Ca
influx in rabbit aortic strips (11). The uptake of **Ca in
this clone of mouse neuroblastoma cells was inhibited by

approximately 40% after treating the cells with 0.2 um
phenoxybenzamine for 30 min.® It is interesting that
Jafferji and Michell (27) have reported that phenoxy-
benzamine, but not dibenamine, inhibits muscarinic re-
ceptor-mediated phosphatidylinositol turnover, which
they believe controls calcium gates in cell membranes.

Kenakin and Cook (6) have reported that phenoxy-
benzamine is less effective in antagonizing the effects of
histamine on guinea pig ileum desensitized to histamine
than it is in control tissues. They concluded that this
result might be due to desensitization-accompanied con-
formational changes in the receptor sites so that these
sites are less susceptible to interaction with phenoxy-
benzamine. However, we have presented evidence to
show that short-term desensitization of histamine- or
carbachol-mediated responses in mouse neuroblastoma
cells involves inactivation of calcium channels (21). It is
possible that such a mechanism for desensitization also
applies to the guinea pig ileum. We would further predict
that desensitized calcium channels are less able to bind
phenoxybenzamine and that the results of Kenakin and
Cook (6) are based on this change rather than on a
change in the histamine receptor.

Strange et al. (28) have reported the existence of two
binding sites for carbachol in this clone of mouse neuro-
blastoma (K4 of 0.1 and 50 um for the high- and low-
affinity sites, respectively), and they believe that the low-
affinity site mediates cyclic GMP responses. However,
we could not resolve our binding curves for carbachol
into high- and low-affinity sites despite the fact that
these curves had slope factors of less than unity; and
because of the value of this slope factor we could not
calculate a K; from our IC;s data. Nonetheless, there is a
large discrepancy in the values of this dissociation con-
stant for carbachol when determined by using these
irreversible antagonists in a biological assay as compared
with those determined from inhibition of [’"H]JQNB bind-
ing (28). This discrepancy is clearly illustrated from the
“receptor” occupancy curves determined according to
Eq. 1 (Fig. 4), using the low-affinity binding constant (28)
and the value K4 = 400 uM from the haloalkylamine
experiments.

Since we think that 2-halogenoethylamines interact
with both receptors and the calcium channels and are
more potent at these channels, it is possible that Furch-
gott’s analysis (18) for determining the equilibrium dis-
sociation constant for the agonist-receptor complex (K4)
is not valid for this receptor system (and perhaps others)
because of the inherent limitations of this analysis, es-
pecially since increasing the calcium concentration mark-
edly reduced the equilibrium dissociation constant deter-
mined by this technique, but only slightly reduced the
ICso for carbachol determined from binding studies. In
fact, the calcium channel blocker, manganese, has the
same effect on carbachol’s concentration-cyclic GMP
response curve as does phenoxybenzamine or dibena-
mine, i.e., it shifts the concentration-response curve to
the right while reducing the maximal response without
inhibiting receptor binding (21). Using the manganese
data, we computed an apparent equilibrium dissociation

2 E. El-Fakahany and E. Richelson, unpublished observation.
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F1G6. 4. Relationship between muscarinic receptor occupancy and
carbachol mediated cyclic GMP formation by mouse neuroblastoma
clone N1E-115 cells

« Represents carbachol’s concentration-cyclic GMP formation curve
(data from the control curve of Fig. 1A); --- and ---- are agonist
concentration-receptor occupancy curves obtained by using agonist
equilibrium dissociation constants determined from biological assays
(derived from data shown in Fig. 1A) or binding assays (derived from
ref. 28), respectively.

constant of 400 uM for carbachol, a value which is iden-
tical with that reported above using the haloalkylamines.
In 1.8 mMm Ca®* (Fig. 1), the ECs of carbachol is more or
less identical with the K, determined in binding studies,
but significantly less than the K4 determined in the
biological assays (Ka’) suggesting that there are no spare
receptors per se in this system, but perhaps that there
are spare effectors which could explain the rightward
shift of the concentration-response curve caused by man-
ganese and the haloalkylamines. However, in 10 mm
Ca®*, ECs < Ka <« K4, suggesting that under these
conditions there are both spare receptors and effectors,
with a lower proportion of the former than the latter,
supporting the hypothesis made by Takeyasu et al. (19)
that spare receptors are dynamic in nature.

The fact that K4’ >> K4 could be due to a reduction by
the haloalkylamines in the number of effector units.
Indeed, Boeynaems and Dumont (29) have predicted
from their theoretical presentation of the mobile receptor
hypothesis that a decrease in the effector concentration
results in a decrease in the affinity of the agonist-receptor
complex Our data would therefore suggest that the mus-
carinic receptor in mouse neuroblastoma cells is mobile.

A Hill coefficient greater than 1 for the carbachol-
mediated cyclic GMP response is to be contrasted with
the (“pseudo”) Hill coefficient of less than 1 for the
interaction of carbachol with the muscarinic antagonist,
[’H]QNB. This apparent positive cooperativity for the
biological response was enhanced at a high calcium con-
centration, suggesting a role for calcium as an allosteric
activator. However, calcium was without effect in alter-
ing the Hill coefficient for the interaction between car-
bachol and [°H]QNB.

These differences in the results between the biological
response and the radioligand binding may be better

understood in the context of the following hypothetical
scheme which represents the interactions considered
here between the agonist (A), the receptor (R), and the
effector (E) (calcium channels in this case):

C-R C-E

+C +CI K
A+R A-R+E ‘E A-R-E —response
Ca* or
(I
B-R A-R+E' A-R-E’

where A is the muscarinic agonist, B is the “pure” mus-
carinic antagonist (e.g., QNB, atropine), C is the antag-
onist of the 2-haloalkylamine type, R is the muscarinic
receptor, E is the active form of calcium channel effector,
E’ is the desensitized effector, K4 is the equilibrium
dissociation constant for the agonist-receptor complex,
and Kg is the equilibrium dissociation constant for ago-
nist-receptor-effector complex.

This model involves the formation of a ternary com-
plex between the agonist-receptor complex and the effec-
tor, and is in general, and in part, similar to what has
recently been presented for the muscarinic receptor (30)
and for the beta-adrenergic receptor-adenylate cyclase
system (31). Results from this study and others (21, 26)
on the muscarinic receptors of mouse neuroblastoma
clone N1E-115 are compatible with this model. Most
recently (26), we presented evidence that Ca®* and lan-
thanides (e.g., Tb®*) increase the efficacy of agonists, and
we postulated that this could be due to a higher affinity
of the agonist-receptor complex for the effector. If cal-
cium promotes increased efficacy of receptor-mediated
cyclic GMP responses, this might account for the de-
creased potency of these alkylating agents and the change
in the Hill coefficient of cyclic GMP dose response curves
in high Ca** concentrations. Alternatively, calcium might
have an effect on the rate of alkylation by these irrevers-
ible antagonists.

In our model, only agonists are capable of promoting
the formation of the ternary complex, A - R . E, between
the ligand, the receptor, and the effector, whereas antag-
onists such as QNB or atropine form only a binary
complex with the receptor. Calcium and lanthanides (e.g.,
Tb**) act to promote the formation of the ternary com-
plex involving the agonist, perhaps as allosteric activa-
tors. Partial agonists easily form the binary complex with
the receptor, but this binary complex has less affinity for
E than the binary complex formed by full agonists except
in the presence of an activator (high Ca’* or lanthanide
concentration) (26). Once the ternary complex is formed,
the biological response occurs; next follows desensitiza-
tion (20), which results from an inactivation of the effec-
tor (21). Resensitization involves the recovery of the
effector from its desensitized state, E’, to its active state,
E, in conformance with a cyclic model.?

Antagonists of the 2-haloalkylamine type interact both
at the receptor (R) and at the effector (E), and their
interaction with the effector may obviate their use to

3 X. Liu and E. Richelson, manuscript in preparation.
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calculate agonist dissociation constants from biological
experiments. In conclusion, we think one should be very
careful about interpreting data obtained when.using 2-
halogenoethylamines as antagonists for the differentia-
tion of receptors, the establishment of the presence of
spare receptors, or the determination of the agonist-re-
ceptor equilibrium dissociation constant.
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