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The effect of ionic strength on cardiac muscarinic
receptors
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1 The binding ofN-methylscopolamine (NMS) and carbachol to muscarinic receptors in the rat heart
has been measured as a function of ionic strength (jt).
2 The binding of NMS was reduced by 3.69 fold for a 10 fold increase in ionic strength.
3 The binding of carbachol was affected in two ways. Firstly, the proportions of the subsites were
changed. Above = 0.5 M, the superhigh (SH) subsite was converted into the low (L) subsite and above
i = 0.8 M, the high (H) subsite was also converted into the L subsite. Therefore, at high ionic strength,
no agonist-determined subsites can be detected. In addition, increase in ionic strength reduced the
binding of carbachol to all subsites and to a much greater extent than for NMS.

Introduction

It is generally to be expected that where the interaction
of a ligand with a receptor involves a charged group,
that the strength of binding will be reduced by an
increased concentration of inorganic electrolytes in
the reaction medium. This may be due to direct
competition for the charged complementary group in
the binding site by the inorganic ion or through the
general charge shielding effect usually known as the
Debye-Huckel effect. The degree to which binding is
modified will depend on the energetic contribution of
the charge-charge interaction to the total binding
energy. The magnitude of the reduction in binding
produced by raised electrolyte concentration will
therefore provide an indication of the importance of
the charged group to binding.

It is also clear that electrolyte concentrations may
affect the binding protein through changes in confor-
mation or in the degree to which component proteins
in the receptor are mutually associated.
There have been several previous reports on the

effects ofmonovalent inorganic cations on muscarinic
receptors in both heart and brain (Birdsall et al.,
1979a, 1980a; Rosenberger et al., 1980; Burgen et al.,
1981; Hulme et al., 1981). These have suggested that
there are both specific and non-specific effects of
cations in reducing the binding of both agonists and
antagonists. They have also shown that the shape of
the agonist binding curve is steepened by high salt
concentrations.

In the present study the effects of raising the
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concentration of sodium chloride on the binding
characteristics ofan antagonist N-methylscopolamine
(NMS) and an agonist, carbachol, on the receptor in
the rat heart have been examined quantitatively.

Methods

Membrane receptor preparations were made as
follows. Hearts were removed from decapitated Wis-
tar rats (200-250 g) and rinsed in cold 100mM NaCl.
A heart was added to 1Oml buffer (Tris-HCI 20mM
pH 7.5, MgCI2 5 mM, mercaptoethanol 2mM) at 10C
homogenized in a Polytron, followed by 10 strokes in a
PTFE-glass homogeniser, and filtered through two
layers ofgauze. The filtrate was centrifuged at 37,000 g
for 10 min at 5°C. The pellet was resuspended in the
same buffer and recentrifuged. The second pellet was
suspended in 5 ml ofa new buffer (Tris-HCI 20mM pH
7.5, MgCI2 5 mM, sucrose 250 mM) at 50C to which was
added slowly with stirring 5 ml of 2.5 M KC1. This was
again stirred for a further I h at 5C. It was then
centrifuged at 37,000g for 10min. The pellet was
resuspended in Tris-HCl 20 mM, sucrose 250 mM,
mercaptoethanol 2mM and recentrifuged. This was
repeated and the final pellet was fast frozen and stored
at - 70C and used for up to three weeks.

Immediately before starting an assay, the pellet was
thawed and made up to 10 ml with the standard buffer
(Tris-HCI 20mM pH 7.5, MgCI2 2mM, NaCI 100mM)
and homogenized in the PTFE/glass homogenizer and
centrifuged at 20,000g for Omin. The pellet was
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resuspended in a buffer containing the appropriate
amount of NaCi or other univalent electrolyte, recen-
trifuged, the pellet resuspended in fresh buffer, recen-
trifuged and then finally suspended in buffer to a
concentration of 0.3 mg protein ml' and homogen-
ized.

Binding of [3HJ-NMS was determined in I ml
polypropylene microcentrifuge tubes in the Tris HC1
20mm pH 7.5, MgCl2 2mM buffer containing the
appropriate additional electrolyte. Incubation was
carried out at 25C for 30min. The reaction was
terminated by centrifugation in a microcentrifuge for
3 min. After pouring out the supernatant the pellet was
washed three times with 100mM NaCl and the tubes
left to drain for 2 h. To each tube 0.1 ml Soluene 350
(United Technologies) was added and the tubes left
overnight to complete solubilisation of the pellet. The
tube tips were then cut off and deposited in 6 ml
scintillation fluid (Ready SOLV EP, Beckman) and
left for at least 6 h at 4°C before counting.
For determination of NMS binding, [3H]-NMS

(Amersham) was appropriately diluted with 'H-NMS
and added to the suspension in concentrations from
5 x 10-"-l x 10-8M. Non-specific binding was
estimated by including tubes that also contained
I x 10-5M quinuclidinyl benzilate (QNB).
In carbachol competition experiments, the concen-

tration of [3H]-NMS was 2 x 10-10M except in the
experiments at >0.35M when it was 4-8 x 10'`0M.
All measurements were made in triplicate.
The concentration-binding curves were analysed by

a computer programme giving least squares fitting to a
sum ofup to three independent binding sites. Since the
receptor concentration was expressed as a percentage
ofthe total there were only two independent variables
for the concentration of sites, but three independent
variables for binding constants.
The calculation of the regression lines in Figures 1

and 4 was by least squares. The curves in Figure 3 were
drawn by eye.
The concentrations of electrolytes in all cases is

expressed as ionic strength (ii) which is + Z cAz2 i.e. half
the sum of the molar concentration of all the ions
multiplied by the square of their valence.

Results

Binding of N-methylscopolamine

The binding ofNMS was adequately accounted for by
a single binding site in all our experiments. The
progressive shift in the curves indicated a lower
affinity as the concentration of NaCl was increased.

Figure 1 is a plot of the log affinity constant against
the log ionic strength. The relationship appears to be
linear and corresponds to a 3.69 ± 0.25 reduction in
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Figure 1 Dependence of N-methylscopolamine (NMS)
binding on ionic strength. Ordinate scale: log NMS
binding constant. Abscissa scale: ionic strength (log
scale).

affinity for a ten fold increase in ionic strength. It is
useful to express this in free energy terms.

AG= RT In K1/K2

where K1 is the affinity at some ionic strength and K2 is
the affinity at 10 x the ionic strength. The result is
AG = + 0.78 ± 0.04 kcalmol '/10 fold change in
ionic strength. It should be noted that the total binding
capacity ofthe receptors was not altered by an increase
in ionic strength.

Binding of carbachol

The results with carbachol as expected show more
complex changes than found with the antagonist

Carbachol (M)

Figure 2 Displacement of pH]-N-methylscopolamine
(PH]-NMS) by carbachol at different ionic strengths: (I)
0.0405 M: (2) 0.0655 M: (3) 0.1555 M: (4) 0.2655 M: (5)
0.5115M: (6) 1.0155M: (7) 1.5155 M. Ordinate scale: % of
binding in the absence of carbachol. Abscissa scale:
concentration of carbachol (M).
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Figure 3 Population ofsubsites ofreceptor as a function ofionic strength: (a) fractions ofsuperhigh (SH) and high (H)
subsites; (b) fraction of low (L) subsites. Abscissa scale: ionic strength (log scale).

(Figure 2). There is a large shift of the curves to lower
concentrations as the ionic strength is raised. The IC,0
(concentration at which binding ofNMS is reduced to
50%) increases from 4.4 x 10-8M at p = 0.0405 to
8.3 x 10-4 Mat p = 1.515, a decrease of almost 20,000
fold in the mean binding constant. However, it will be
noted that this is accompanied by a marked increase in
the steepness of the curves.

Analysis of the curves as described in the methods
section shows that at ionic strengths up to ft = 0.5
requires the inclusion of three subsites. Analysis in
terms of only two subsites leads to systematic devia-
tions of the calculated curves from the experimental
data (Birdsall et al., 1980a,b). Above 1t = 1.515 only a

single component could be resolved.
In Figure 3, the proportions ofsuperhigh (SH), high

(H), and low (L) subsites are shown. It appears that up
to p = 0.25 the proportions of SH, H and L subsites
are essentially unchanged, but above p = 0.25 the
proportion of the SH subsite declines and by p = 0.60
has essentially disappeared. There is no change in the
proportion ofthe H subsite in this ionic strength range
and the decrease in SH subsite is compensated by an
increase in the proportion of the L subsite.
When the ionic strength exceeds 0.8 the population

of the H subsite also starts to decline and when
= 1.515 the H subsite is no longer detected and the

binding ofcarbachol is then uniformly to the L subsite.
The dependence of the affinity constants for SH, H

and L subsites on ionic strength is shown in Figure 4.
As with antagonist binding there is a monotonic

decrease in binding constant with increase in ionic
strength. The slopes of the curves are rather similar
and are shown in Table 1.
While the figures for the slopes are suggestive that

there is a trend towards a steeper slope for SH than H
and for L subsites, none of these differences is
statistically significant. However, the slopes of all
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Figure 4 Binding of carbachol to receptor subsites as a
function of ionic strength: superhigh (0); high (x) and
low (0). Ordinate scale: log binding constant. Abscissa
scale: ionic strength (log scale).
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Table 1
strength

Dependence ofcarbachol binding on ionic

Affinity at a Free energy difference
10 x Ad, compared Ad,

Subsite Affinity at 10 x pl, kealmol'

Superhigh
High
Low

58.9 ± 32.9
28.1 ± 7.0
18.6 ± 7.2

+ 2.38 ± 0.28
+ 1.98 ± 0.13
+ 1.74±0.19

three subsites are highly significantly greater than the
slope of the NMS curve.
A few experiments with oxotremorine gave results

qualitatively similar to carbachol but these were not
examined in detail. Other univalent electrolytes (LiCl,
CsCl, NaCNS and NaClO4) also gave very similar
results to those obtained with NaCl.

Discussion

Since in this preparation other univalent electrolytes
produced effects similar to those ofsodium chloride, it
seems that the effects are due to a Debye-Huckel
shielding effect rather than to a selective binding of an
ion in competition with the ligand. Other reports in the
literature have apparently shown effects that are ion-
selective (Birdsall et al., 1979a; Rosenberger et al.,
1980; Burgen et al., 1981). It may be that ion selectivity
depends on the way membranes are prepared and how
the binding is measured. This needs further investiga-
tion.
The excellent fit of antagonist binding to a simple

linear log-log regression on ionic strength (Figure 1)
makes it improbable that any phase transition or

conformation change occurs over this ionic strength
range, at least as regards antagonist binding.
The effects of ionic strength on carbachol binding

appears to be due to both a decrease in affinity at all
three subsites together with a progressive conversion
of the SH and H subsites into the L type.
What is the nature of the difference in constitution

of the subsites and the mechanisms by which they can
be interconverted? We know that in the heart, the
major part of the receptor undergoes a similar conver-
sion to the L type in the presence of certain guanine
nucleotides, such as GTP or GppNHp (Berrie et al.,
1979; Wei & Sulakhe, 1979; Rosenberger et al., 1980)
and further that the solubilized receptor seems to
contain a single population of agonist-antagonist
binding polypeptides with a molecular weight ofabout
87K (Birdsall et al., 1979b; Peterson et al., 1984; Haga
& Haga, 1985; Shirakawa & Tanaka, 1985). Further, it
appears that agonists change the degree ofassociation
of these subunits. Current evidence suggests that this

system is composed of an agonist binding subunit
(receptor), and two other subunits one of which binds
guanine nucleotides (Gi or Nj) and a smaller one (>)
which does not.
The most likely explanation of our results is

therefore that the constitution of the SH, H and L
subsites involves different complexes of the receptive
subunit with other subunits and that the formation of
such complexes alter the conformation of the receptor
and hence its binding for ligands.
Note that guanine nucleotides have only a trivial

effect on antagonist binding and this leads to the
proposition that they only effect the 'excited' confor-
mations of the receptor elicited by agonists. In our
experiments also there is no suggestion that the
'ground' state of the receptor (i.e. that detected by
NMS) undergoes any change at those ionic strengths
(i.e. 'Ig = 0.3,0.8) at which the population ofsubsites
change. Since we find that the transition in raised ionic
strength are SH+ L and H+ L and not SH-H we
must conclude that the modifiers for the SH, and H
sites are different. This could be due either to them
being of totally different character or due to a
combination of modifiers. For instance we could
imagine that at the SH site the receptor is complexed
with Gi and at theH site with Gjfl whereas the L site has
no coupled subunit. The sequence would then be that
raised ionic strength dissociated Gi changing SH into
L but the receptors complexed with G43 were more
resistant to ionic strength. However, this is merely
speculative. It should be noted that when this prepara-
tion is maximally affected by GppNHp not all the
receptors are converted to the L form; all the SH form
disappears but about 15% remains in the H form
(Burgen, unpublished). This may represent receptors
coupled to K channels which also involve a guanine
nucleotide binding protein (Pfaffinger et al., 1985) and
probably corresponds to the receptor found in the
conducting tissue of the bovine heart (Burgen et al.,
1981) which is largely in the H form and whose agonist
binding properties are not affected by guanine
nucleotides. Our experiments suggest that this recep-
tor form is transformed into the L form by high ionic
strength. Our methods are not precise enough to pick
out such a subfraction of the H receptor if it were to
behave somewhat differently from the guanine
nucleotide sensitive fraction. It was noted that the
ionic dependence of binding of the antagonist was
small suggesting that ionic interaction played only a
minor part in the binding of the antagonist and by
contrast the ionic dependence of binding the agonist
was 2- 3 times as great in energetic terms. It is certainly
tempting to attribute this to a different exposure ofan
anionic site in the receptor in the ground and excited
states. However, the differences in the structure of the
cationic groups in carbachol and NMS could be
enough to provide this difference. Nevertheless, it may
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be recalled that there is evidence that for antagonists
that are tertiary bases the difference in effectiveness
between the charged and uncharged forms is not very
large, whereas in agonists uncharged forms seem to

have very much reduced activity (Burgen, 1965).

I wish to record my appreciation of the excellent technical
assistance of Mr C.J. Harbird.

References

BERRIE, C.P., BIRDSALL, N.J.M., BURGEN, A.S.V. &HULME,
E.C. (1979). Guanine nucleotides modulate muscarinic
receptor binding in the heart. Biochem. biophys. Res.
Commun., 87, 1000-10001.

BIRDSALL, N.J.M., BURGEN, A.S.V., HULME, E.C. & WELLS,
J.W. (1979a). The effect of ions on the binding of agonists
and antagonists to muscarinic receptors. Br. J. Pharmac.,
67, 371-377.

BIRDSALL, N.J.M., BURGEN, A.S.V. & HULME, E.C. (1979b).
A study of the muscarinic receptor by gel electrophoresis.
Br. J. Pharmac., 66, 337-343.

BIRDSALL, N.J.M., BERRIE, C.P., BURGEN, A.S.V. &HULME,
E.C. (1980a). Modulation of the binding properties of
muscarinic receptors: evidence for receptor-effector cou-
pling. In Receptors for Neurotransmitters and Peptide
Hormones ed. Pepue, G., Kuhar, M.J. & Enna, S.J.
pp. 107-116. New York: Raven Press.

BIRDSALL, N.J.M., HULME, E.C. & BURGEN, A. (1980b). The
character of the muscarinic receptor in different regions
of the rat brain. Proc. R. Soc. B, 207, 1-12.

BURGEN, A.S.V. (1965). The role of ionic interaction at the
muscarinic receptor. Br. J. Pharmac. Chemother., 25,
4-17.

BURGEN, A.S.V., HULME, E.C., BERRIE, C.P. & BIRDSALL,
N.J.M. (1981). The nature of the muscarinic receptor in
the heart. In Cell Membranes in Function and Dysfunction
of Vascular Tissue. ed. Godfraind, T. & Meyer, P.
pp. 15-25. Amsterdam: Elsevier.

HAGA, K. & HAGA, T. (1985). Purification of the muscarinic

acetylcholine receptors from porcine brain. J. biol.
Chem., 20, 7927-7935.

HULME, E.C., BERRIE, C.P., BIRDSALL, N.J.M. & BURGEN,
A.S.V. (1981). Two populations of binding sites for
muscarinic antagonists in the rat heart. Eur. J. Pharmac.,
73, 137-142.

PETERSON, G.L., HENSON, G.G., YAMAKI, M., FULLER-
TON, D.S. & SCHIMERLIK, M.I. (1984). Purification ofthe
muscarinic acetylcholine receptor from porcine atria.
Proc. natn. Acad. Sci. U.S.A., 81, 4993-4997.

PFAFFINGER, P.J., MARTIN, J.M., HUNTER, D.D.,NATHAN-
SON, N.M. & HILLE, B. (1985). GTP binding proteins
couple cardiac muscarinic receptors to a K channel.
Nature, 317, 536-538.

ROSENBERGER, L.B., YAMAMURA, H.I. & ROESKE, W.R.
(1980). Cardiac muscarine cholinergic receptor binding is
regulated by Na and guanyl nucleotides. J. biol. Chem.,
255, 820-822.

SHIRAKAWA, O. &TANAKA, C. (1985). Molecularcharacter-
isation ofmuscarinic receptor subtypes in bovine cerebral
cortex by radiation inactivation and molecular exclusion
h.p.l.c. Br. J. Pharmac., 86, 375-383.

WEI, J.W. & SULAKHE, P.V. (1979). Agonist-antagonist
interaction with rat atrial muscarinic receptor sites:
differential regulation by guanine nucleotides. Eur. J.
Pharmac., 58, 91-92.

(Received December 7, 1985.
Revised February 20, 1986.

Accepted February 24, 1986.)


