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Abstract
We investigated the influence of membrane cholesterol content on preferential and non-preferential
signaling through the M2 muscarinic acetylcholine receptor expressed in CHO cells. Cholesterol
depletion by 39% significantly decreased the affinity of M2 receptors for [3H]-N-methylscopolamine
([3H]-NMS) binding and increased Bmax in intact cells and membranes. Membranes displayed two-
affinity agonist binding sites for carbachol and cholesterol depletion doubled the fraction of high-
affinity binding sites. In intact cells it also reduced the rate of agonist-induced receptor internalization
and changed the profile of agonist binding from a single site to two affinity states. Cholesterol
enrichment by 137% had no effects on carbachol Emax of cAMP synthesis inhibition and on cAMP
synthesis stimulation and inositolphosphates (IP) accumulation at higher agonist concentrations
(non-preferred pathways). On the other hand, cholesterol depletion significantly increased Emax of
cAMP synthesis inhibition or stimulation without change in potency, and decreased Emax of IP
accumulation. Noteworthy, modifications of membrane cholesterol had no effect on membrane
permeability, oxidative activity, protein content, or relative expression of Gs, Gi/o, and Gq/11 alpha
subunits. These results demonstrate distinct changes of M2 receptor signaling through both
preferential and non-preferential G-proteins consequent to membrane cholesterol depletion that occur
at the level of receptor/G-protein/effector protein interactions in the cell membrane. The significant
decrease of IP accumulation by cholesterol depletion was also observed in cells expressing M3
receptors and by both cholesterol depletion and enrichment in cells expressing M1 receptors
indicating relevance of reduced Gq/11 signaling for the pathogenesis of Alzheimer’s disease.
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1. Introduction
The muscarinic acetylcholine receptor family consists of five subtypes denoted M1-M5
(Bonner, 1989; Caulfield and Birdsall, 1998). Each of these subtypes has distinct tissue
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distribution and serves a specific physiological function (Hulme et al., 1990). Muscarinic
receptors belong to the family of G-protein-coupled receptors with seven segments spanning
the cell membrane (Fredriksson et al., 2003). Conventionally, individual G-protein coupled
receptors selectively interact with distinct subclasses of G-proteins to preferentially activate
different intracellular signaling pathways. In line with this concept, M1/3/5 muscarinic receptors
preferentially couple with effector molecules through the Gq/11 subclass of G-proteins and
M2/4 receptors favor coupling via the Gi/o G-proteins. However, their coupling specificity is
not absolute. Muscarinic receptor interaction with nonpreferential G-proteins and stimulation
of their signaling pathways has been demonstrated in many studies (Migeon and Nathanson,
1994; Vogel et al., 1995; Michal et al., 2001; Jakubík et al., 2006) and the direct interaction of
muscarinic M2 receptor with nonpreferential G-proteins using RNA interference knockdown
has been recently demonstrated (Michal et al., 2007). These observations strongly support the
concept of multiple agonist-induced receptor conformations (Kenakin, 2003; Kobilka, 2007).

Efficiency of signal transduction through muscarinic receptors depends not only on the
concentration of agonist in the extracellular fluid but can also be both increased or decreased
by substances acting as allosteric modulators (Tuček et al. 1990; Jakubík et al., 1995, 1997,
and 2002; Lazareno and Birdsall 1995; Doležal and Tuček, 1998, Lazareno et al., 2004).
Another factor that likely plays an important role in signal transduction through muscarinic
receptors is lipid composition of the cell membrane in which the receptor is incorporated.
Investigations of rhodopsin, a prototypic and best molecularly-characterized G-protein coupled
receptor (activated by light), and the oxytocin receptor have indicated that cholesterol content
in membranes has important influence on the transfer of information by these receptors. In the
case of rhodopsin, high membrane content of cholesterol completely blocks its activation
(Mitchell et al., 1990) and in the case of oxytocin receptor high cholesterol content converts
receptors to a low-affinity conformation (Klein et al., 1995).

Lipid composition of the cell membrane is not homogenous. There are domains with high
content of cholesterol denominated „lipidic rafts“ (Simons and Toomre, 2000). G-protein-
coupled receptors are often associated with these rafts and disruption of lipidic rafts may lead
to impairment of signal transduction (Pike, 2003). It has been demonstrated that stimulation
of luteinizing hormone receptors leads to their translocation into rafts and serves to fine tune
cellular responses, but this translocation is not necessary for hormone-induced signaling (Smith
et al., 2006). In case of muscarinic M2 and M3 receptors expressed in Chinese hamster ovary
(CHO) cells, studies of fluorescence resonance energy transfer of fluorescent protein-tagged
G-protein subunits have established their free diffusion in the cell membrane and interactions
with G-proteins (Azpiazu and Gautam, 2004).

Direct inhibitory influence of endogenous steroids derived from progesterone on the binding
of N-methylscopolamine to M2 muscarinic receptors was observed in intact rat cardiac tissue.
This effect was not due to binding of these agents to either the orthosteric or allosteric sites of
the muscarinic M2 receptor and it was hypothesized that it could involve a mechanism at the
level of cell membrane (Wilkinson et al., 1995). Moreover, the influence of changes of
membrane cholesterol content induced by growth in medium supplemented with lipoprotein-
deficient serum on the binding characteristics and functional outcome of muscarinic M2
receptors stimulation was studied in non-differentiated chick embryonic cardiocytes. The
increase of membrane cholesterol content induced by the treatment was associated with the
appearance of a characteristic muscarinic receptor-evoked negative chronotropic response
(Renaud et al., 1982). However, this treatment also increased expression levels of muscarinic
receptors and G-proteins (Haigh et al., 1988). Recently it has been proposed that cholesterol
may bind to muscarinic M2 receptors and influence its properties in a fashion similar to that
of allosteric modulators (Colozo et al., 2007).
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The main objective of our work presented here was to determine the effects of immediate
manipulation of membrane cholesterol content on M2 receptor binding properties and efficacy
of signal transduction via both preferential and non-preferential G-proteins. To achieve this
aim we used human M2 muscarinic receptors heterologously expressed in CHO cells. We report
that modification of cell membrane cholesterol content using methyl-β-cyclodextrin (MBCD)
in intact cells leads to acute changes of the binding affinity of the muscarinic antagonist N-
methylscopolamine (NMS) and causes various alterations in both the potency and efficacy of
the acetylcholine analogue carbachol in activating signaling through the Gi/o, Gs, and Gq/11
subclasses of G-proteins.

2. Methods
2.1. Cell culture and chemicals

Experiments were performed on CHO cells stably transfected with the human genes of the
muscarinic M1, M2, and M3 receptor subtypes (CHO-M1, CHO-M2, and CHO-M3 cells,
respectively) kindly supplied by Prof. Tom Bonner. Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal calf serum and 0.005% geneticin, and used for
experiments three to four days after seeding. In some experiments, pertussis toxin was present
at a concentration of 100 ng/ml during the last 24 h of cultivation to inactivate Gi/o G-proteins.
Cells were grown in 10 cm diameter Petri dishes for radioligand saturation and competition
binding analysis or in 24-well plates for functional assays. Chemicals were obtained from
Sigma (Prague, Czech Republic) unless indicated otherwise.

2.2. Saturation and competition binding assays
Density and affinity of muscarinic receptors were determined in saturation binding experiments
with the membrane-impermeable quaternary amine muscarinic antagonist [3H]-N-
methylscopolamine (3H-NMS) (GE Healthcare, UK) in cells in suspension and cell membranes
(Michal et al., 2001). Briefly, cells were grown to confluency in 10 cm diameter Petri dishes.
Before experiments, cells from the same Petri dish were detached by mild trypsinization and
incubated for 1 h at 37 °C in 15 ml of DMEM containing either 10 mM methyl-β-cyclodextrin
(MBCD) to deplete cholesterol content or 2 mM MBCD saturated with cholesterol (Ch-
MBCD) to increase cholesterol content. Medium containing cholesterol-modifying agents was
always washed off before experiments. Membranes were prepared as described by Jakubík et
al. (2006). In control experiments, membranes prepared from naïve cells (control membranes)
were treated with cholesterol-modifying agents as described above and washed before
radioligand saturation binding analysis. Non-specific binding was determined in the presence
of 10 μM atropine. Binding characteristics of the muscarinic agonist carbachol were determined
in competition experiments with 0.6 nM [3H]-NMS as a tracer.

2.3. Functional assays
Inositolphosphates (IP) accumulation and cAMP production were assayed in attached cells
grown in 24-well-plates. For cAMP synthesis measurements, cells were loaded in 0.2 ml of
DMEM with [3H]-adenine (10 μCi/ml; GE Healthcare, UK) for 4 h at 37 °C, and afterwards
treated with cholesterol-modifying agents for 1 h in 1.2 ml of DMEM containing either 10 mM
methyl-β-cyclodextrin (MBCD) to deplete cholesterol content or 2 mM MBCD saturated with
cholesterol (Ch-MBCD) to increase cholesterol content. Medium containing cholesterol-
modifying agents was always washed off before experiments. Cells were then preincubated in
0.4 ml of DMEM containing 1.2 mM isobutylmethylxanthine for 15 min at 37 °C. After
preincubation, cells were incubated with 10 μM forskolin and increasing concentrations of
carbachol for 10 min at 37 °C in a final volume of 0.5 ml. The reaction was stopped by adding
0.2 ml of 20% trichloroacetic acid (TCA), 0.1 ml of cyclic [14C]-AMP (GE Healthcare, UK)
that was used as recovery standard, and 1.2 ml of water. Aliquots of TCA extracts were used
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for determination of TCA-soluble radioactivity and separation of [3H]-AMP from other labeled
metabolites (Michal et al., 2001). TCA precipitates were dissolved in 1 ml of 200 mM NaOH
and aliquots of these lysates were used for determination of protein content. The concentration
of forskolin used in these experiments (10 μM) induced less than half-maximal stimulation of
cAMP synthesis in the absence of carbachol and thus allowed detection of either decreases or
increases of the response by activation of muscarinic receptors. A time interval of 10 min was
chosen as the shortest incubation that allows reliable quantification of labeled cAMP as
assessed previously (Michal et al., 2001 and 2007). Basal synthesis of cAMP (shown in Table
4) was determined as a difference between samples incubated without carbachol in the presence
and absence of the phosphodiesterase inhibitor.

IP formation was determined in cells that were prelabeled for 4 h by [3H]myo-inositol (10
μCi/ml; GE Healthcare, UK) in 0.2 ml of DMEM at 37 °C and treated with cholesterol-
modifying agents as described for cAMP synthesis measurement. Cells were then washed with
fresh medium and preincubated in 0.4 ml of DMEM containing 12 mM LiCl for 15 minutes
at 37 °C. The indicated concentrations of carbachol were added and samples were incubated
for additional 20 min (CHO-M2 cells) or 10 min (CHO-M1 and CHO-M3 cells) in a final
incubation volume of 0.5 ml. Incubation was stopped on ice by adding 0.2 ml of 20% TCA
and 1.2 ml of water. In case of CHO-M2 cells aliquots of TCA extracts were used for
determination of TCA-soluble radioactivity and separation of total inositolphosphates using
[14C]-inositolphosphate as recovery standard (Jakubík et al., 1995). TCA precipitates were
dissolved in 1 ml of 200 mM NaOH and aliquots of these lysates were used for determination
of protein content and incorporated radioactivity. In case of cells expressing M1 and M3
muscarinic receptors that preferentially couple with Gq/11 G-proteins and induce a large
response, accumulated TCA-soluble radioactivity was used for estimation of formation of
inositol phosphates without further separation. Sensitivity of carbachol-evoked accumulation
of TCA-soluble radioactivity to a muscarinic antagonist was verified in attached CHO-M3
cells. Atropine (10 μM) inhibited accumulation of TCA-soluble radioactivity evoked by 0.1–
100 μM carbachol by more than 97%. Comparison of the concentration-responses of carbachol-
induced increases of IP accumulation in CHO-M1 cells in suspension after separation of
inositolphosphates and in TCA-soluble radioactivity without separation in attached cells
showed similar pEC50 (5.74±0.05 and 5.95±0.05, respectively, in three experiments in
triplicates). However, measurement of TCA-soluble radioactivity without separation does not
allow quantification of basal levels of inositolphosphates that unlike carbachol-iduced increase
of TCA-soluble radioactivity represent only a small fraction of total radioactivity in sample.
Basal accumulation of inositolphosphates (shown in Table 4) was determined as the difference
between samples incubated without carbachol in the presence and absence of lithium.

Radioactivity of samples was measured by liquid scintillation counting. The muscarinic
receptor specificity of carbachol effects on cAMP synthesis and IP accumulation was verified
by abolishing the response with 10 μM atropine in parallel experiments.

Internalization of muscarinic receptors was measured in attached cells as a decrease of [3H]-
NMS specific binding in cells grown in 24-well-plates. After cholesterol-modifying treatments
and washing as described above, CHO-M2 cells were preincubated with various concentrations
of carbachol for various time intervals at 37 °C in 1 ml of DMEM, washed with fresh medium,
and incubated in 0.5 ml of medium containing 2 nM [3H]-NMS for 12 h at 4 °C to prevent
further internalization. Incubation medium with free [3H]-NMS was then removed, cells were
quickly washed with 1.5 ml of ice-cold phosphate buffered saline, and dissolved in 1.5 ml of
200 mM NaOH. Aliquots of lysates were used for scintillation counting and protein
determination. Non-specific binding was measured in the presence of 10 μM atropine.
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2.4. Miscellaneous
Metabolic activity and membrane permeability of attached cells grown in 24-well-plates after
treatments was deduced from fluorescein oxidation and calcein retention as described in
Nováková et al. (2005). Western blotting and immunodetection of individual G-protein α-
subunits was done as described by Rudajev et al. (2005) with 20 μg of membrane proteins per
sample. Protein content was determined in TCA precipitates by Peterson’s modification of the
Lowry’s method (Peterson, 1977). Effects of treatments on cholesterol levels were determined
using Amplex® Red Cholesterol Assay Kit (Molecular Probes, Eugene, OR) according to
manufacturer’s protocol.

2.5. Data treatment
Curve fitting and statistical evaluation of data was done using Prism 5 (GraphPad Software
Inc., CA). A rectangular hyperbola Y=Bmax*X/(Kd+X) was fitted to data shown in Fig. 1A,
B. Y is the specific binding of [3H]-NMS, Bmax maximum number of binding sites, X
concentration of free [3H]-NMS, and Kd equilibrium dissociation constant.

Sigmoidal concentration-response curve equations with slope of unity (Y=(Bottom+(Top-
Bottom))/(1+10(logEC50−X))) or variable slope (Y=(Bottom+(Top-Bottom))/(1
+10(logEC50−X)*Hill slope))) were fitted to the data shown in Figs. 2A (pertussis toxin-treated
cells, dashed lines) and B, 3A–D, and 4A as appropriate. X is log of agonist concentration, Y
measured effect (cAMP synthesis or IP accumulation), and EC50, concentration of agonist
required to produce half-maximal effect. In case of bell-shaped concentration-response curve
of carbachol effects on cAMP synthesis, a logistic equation that describes the sum of two
concentration-response curves Y=Dip+Span1/(1+10(LogEC501−X)*nH1))+ Span2/(1
+10(X−LogEC502)*nH2)) was fitted to data (Fig. 2A, full lines) to confirm correctness of
parameters obtained by fitting a sigmoidal concentration-response equation to data after
subtraction of basal values as described in Fig. 2B. nH1 and nH2 are Hill slopes, Span1, Dip,
and Span2 are plateau levels.

One-site displacement (log EC50=log(10logKi*(1+HotnM/HotKdnM)); Y=Bottom + (Top-
Bottom)/(1+10(X−LogEC50)) or two-sites displacement curve equations (ColdnM=10(X+9);
KiHinM = 10(LogKiHi+9); KiLonM = 10(LogKiLo+9); SITE1= HotnM*(Top-Bottom)/(HotnM +
KdHotnMKi*(1+coldnM/KiHinM)); SITE2= HotnM*(Top-Bottom)/(HotnM + KdHotnMLo*
(1+coldnM/KiLonM)); Y = (SITE1*FractionHi) + (SITE2*(1-FractionHi)) + Bottom) were
fitted to data shown in Fig. 1C, D. Ki is the equilibrium dissociation constant, HotnM, the
concentration of tracer [3H]-NMS, HotKdnM, equilibrium dissociation constant of tracer
antagonist, coldnM, concentration of carbachol, X log M, concentration of carbachol, Y
binding of tracer, Ki Hi and Ki Lo, equilibrium dissociation constant of carbachol for high (Hi)
and low (Lo) affinity binding sites, respectively.

One-phase exponential decay equation Y=Span*e(−K*X) + Plateau was fitted to data shown in
Fig. 4B, C. Y is number of binding sites, K is rate constant, and X is time.

Better fits were determined using F-test. Significance of differences among groups was
estimated by Anova and Tukey’s. Results are shown as mean±S.E.M.

3. Results
Total cholesterol content in control intact CHO-M2 cells and in cell membranes was 56.0 and
129.4 pmol/μg protein, respectively (Table 1). Free cholesterol represented 96.5±1.2% and
99.0±3.2% of total cholesterol in cells and membranes, respectively (mean±range of two
experiments done in triplicates). Treatment of cells with MBCD resulted in a significant
decrease in membrane cholesterol content by 39%. Incubation of cells in the presence of Ch-
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MBCD increased membrane cholesterol levels by 137%. As expected, changes in total cellular
cholesterol content were more pronounced and amounted to 74% decrease and 169% increase
after MBCD and Ch-MBCD treatment, respectively (Table 1).

Saturation analysis of [3H]-NMS specific binding with intact cells and cell membranes
confirmed binding to a single affinity site in all conditions (Fig 1A, B; Table 2). Cholesterol-
depleted intact cells demonstrated significant augmentation (by 68%) of cell surface muscarinic
receptor number (Bmax). This effect was accompanied by a significant two-fold decrease in
[3H]-NMS affinity (Kd). Similar changes (35% increase in Bmax and 50% decrease in affinity)
were found in membranes prepared from MBCD-treated cells. We performed two types of
control experiments. Treatment of membranes prepared from control cells with MBCD showed
similar increases in Bmax (from 1.43±0.03 to 1.91±0.05 pmol/mg protein; mean±S.D. of
triplicate measurements) and Kd (from 410±23 to 675±41 pM). In another experiment we used
the membrane permeable muscarinic antagonist [3H]-quinuclidinylbenzilate (GE Healthcare,
UK) that labels both intracellular and plasma membrane receptors to see whether the observed
increase in plasma membrane M2 receptor density following MBCD treatment is due to
incorporation of preformed intracellular receptors into the plasma membrane. Similar to the
observed changes in [3H]-NMS binding, treatment of cells with MBCD increased specific
[3H]-quinuclidinylbenzilate binding to intact cells (from 0.72±0.01 to 1.05±0.01 pmol/mg
protein; mean±S.D. of triplicate measurements) and membranes prepared from MBCD-treated
cells (from 1.05±0.04 to 1.54±0.02 pmol/mg protein; mean±S.D. of triplicate measurements).
Unlike [3H]-NMS binding, MBCD treatment had no effect on affinity of [3H]-
quinuclidinylbenzilate binding (97±12, 95±5, 94±8, and 87±3 pM in control cells, MBCD-
treated cells, membranes prepared from control cells, and membranes prepared from MBCD-
treated cells, respectively). Cholesterol enrichment had no effect on [3H]-NMS binding
parameters (Table 2). Effects of treatments on the affinity of carbachol were derived from
competition [3H]-NMS binding assays summarized in Fig. 1C, D and Table 3. In intact cells
(Fig. 1C, Table 3), one-site competition equation adequately fit carbachol binding in control
and cholesterol-enriched cells with comparable Ki values (4.9 and 4.3 μM in control and
cholesterol-enriched cells, respectively). In contrast, a two-site competition equation provided
a better fit in cholesterol-depleted cells (P<0.0001; F-test). These cells demonstrated 24% of
high affinity sites with Ki of 3.6 μM and low affinity sites with Ki of 72.6 μM.

Competition experiments in membranes prepared from control and treated cells (Fig. 1D, Table
3) exhibited two binding sites with significantly higher proportion of high-affinity sites in both
cholesterol-depleted and to a lesser extent in cholesterol-enriched membranes (33±1% in
control membranes; 63±1% and 39±1% in cholesterol-depleted and cholesterol-enriched
membranes, respectively). The affinity of both high- and low-potency binding sites for
carbachol was lowest in cholesterol-depleted and highest in cholesterol-enriched membranes
(Ki of high affinity sites 66, 19, 4 nM, and low affinity sites 17.8, 4.7, 2.4 μM in cholesterol-
depleted, control, and cholesterol-enriched membranes, respectively). Addition of 10 mM GTP
expectedly caused a rightward shift of all displacement curves. Even under these conditions,
however, obtained data better fitted to a two-site competition equation in all experimental
groups (P<0.0001; F-test). The rightward shift of carbachol affinity ranged from 69 times to
331 times for high affinity sites and from 3.7 times to 7.6 times for low affinity sites in
membranes prepared from control and cholesterol-enriched cells, respectively (Fig. 1D and
Table 3).

Modification of cell membrane cholesterol content caused significant changes in M2 receptor
activation of both preferential and non-preferential signaling pathways (Figs. 2, and 3AC,
Table 4). As shown in Figs. 2A, 3A, and Table 4, changes of cholesterol concentrations
influenced basal values of cAMP synthesis in control and pertussis toxin-treated cells as well
as values of basal IP accumulation. For better clarity, concentration-response curves of
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carbachol effects on activation of individual signaling pathways were expressed as a net change
of metabolite concentration (Figs. 2B and 3C, D).

Cholesterol depletion increased not only the efficacy (Emax) of carbachol in preferential
inhibition of cAMP synthesis but also the Emax of nonpreferential stimulation of cAMP
synthesis observed at higher carbachol concentrations. However, cholesterol depletion had no
effect on the potency (EC50) of carbachol in activating either response (Fig. 2, Table 5).
Although the data on cAMP synthesis stimulation (Fig. 2) apparently did not reach a plateau,
fitting of the sigmoideal concentration-response curve is justified by the data on cAMP
synthesis stimulation after pertussis toxin treatment that are devoid of the inhibitory influence
of Gi/o G-proteins, and our previous observation of saturability with higher concentrations of
carbachol in control cells (Michal et al., 2001). In concert, fitting a logistic bell-shaped
concentration-response equation (Hornigold et al., 2003) to the data on cAMP synthesis
obtained in native cells (Fig. 2A, full lines) provided virtually the same results as those obtained
by fitting sigmoidal concentration-response curves to normalized data listed in Table 5 (i.e.
Hill slope of unity for both stimulatory and inhibitory response; inhibitory pEC50 6.56±0.07,
6.49±0.05, and 6.70±0.06 for control, cholesterol-depleted, and cholesterol-enriched cells,
respectively, with corresponding values of pEC50 3.78±0.09, 3.59±0.06, and 3.77±0.07 for the
stimulatory component).

As expected, inactivation of the preferential inhibitory Gi/o G-proteins by pertussis toxin
treatment significantly increased the potency of carbachol in stimulating cAMP synthesis in
all conditions (13, 12, and 37 fold in control, cholesterol-depleted, and cholesterol-enriched
cells, respectively). In contrast, an appreciable significant increase in carbachol efficacy in
stimulating cAMP synthesis compared to both pertussis toxin-treated control cells and
corresponding native controls cells was apparent only in cholesterol-depleted cells (from
0.57% of tissue content in pertussis toxin-treated control cells and 0.76% in native cholesterol-
depleted cells to 1.51% in pertussis toxin-treated cholesterol-depleted cells; Fig. 2B and Table
5).

Cholesterol enrichment in native cells had no major effect on carbachol potency and efficacy
in inhibiting or stimulating cAMP synthesis (Fig. 2, Table 5). However, the stimulation of
cAMP synthesis after pertussis toxin treatment demonstrated a significant decrease in
carbachol efficacy that was accompanied with significant increase in potency, unlike in case
of cAMP synthesis in native cells (Fig. 2, Table 5).

Since cAMP synthesis was determined by the conversion of [3H]ATP to [3H]cAMP in [3H]
adenine-loaded cells, we tested the effects of treatment of cells with cholesterol-modifying
agents on incorporation of [3H]adenine. The loading was 10944±93, 11688±73, and 10304
±107 dpm/μg protein in control, MBCD-treated, and Ch-MBCD-treated cells that were not
exposed to pertussis toxin, respectively (n = 144 individual samples in each group). The loading
was only marginally higher in cholesterol-depleted compared to control and cholesterol-
enriched cells (P<0.05 by ANOVA and Tukey’s test). The treatments had virtually no effect
on [3H]adenine incorporation in pertussis toxin-treated cells, being 8793±118, 8484±113, and
8562±110 dpm/μg protein in control, MBCD-treated, and Ch-MBCD-treated cells,
respectively (n=108 individual samples in each group).

In contrast to the increase of basal cAMP synthesis, cholesterol depletion decreased by 54%
and cholesterol enrichment increased by 91% resting IP accumulation (from 1.79±0.16 to 0.83
±0.15 and 3.42±0.21 percent of tissue content of radioactivity, respectively; Table 4). Maximal
stimulation of IP accumulation by carbachol in cholesterol-depleted CHO-M2 cells was
significantly smaller while cholesterol enrichment had no effect (Fig. 3A, C and Table 5).
Cellular incorporation of [3H]-myo-inositol was not influenced by the subsequent treatments
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with cholesterol-modifying agents (1592±15, 1578±15, and 1552±14 dpm/μg protein in
control, MBCD-treated, and Ch-MBCD-treated cells, respectively; n=84 individual samples
in each group).

The treatments changed muscarinic receptor density, being 1.00±0.04, 1.67±0.10, and 0.76
±0.07 pmol/mg protein in control, cholesterol-depleted, and cholesterol-enriched cells,
respectively (mean±S.E.M. from four independent experiments in triplicates). The increase
observed in cholesterol depleted cells was significant at P<0.01 (by ANOVA and Tukey’s test).
Possible contribution of receptor internalization to the differential effects of cholesterol
depletion on M2 receptor signaling pathways was addressed in experiments summarized in
Fig. 4 and Table 6. Carbachol-induced receptor internalization was significantly attenuated in
cholesterol-depleted cells, with a seven-fold increase in EC50 (from 4.7 to 34 μM) and reduction
of maximal decrease in cell surface receptors from 73.7% to 54.5% (Fig. 4A and Table 6). In
contrast, cholesterol enrichment had no effect. Similarly, studying the time-course of receptor
internalization demonstrated significant changes in internalization kinetics in cholesterol-
depleted but not in cholesterol-enriched cells (Fig. 4B, C and Table 6). Cell cholesterol
depletion caused prolongation of the half-life of receptor internalization from 6.6 to 15 min at
10 μM carbachol and from 2.8 min to 6.8 min at 1 mM carbachol. Corresponding proportions
of the receptors that were not internalized after stimulation with 10 μM and 1 mM carbachol
(measured at the plateau) were increased from 32.5% to 80.3% and from 26.8% to 46.0%,
respectively.

We performed several control experiments to exclude the possibility that the observed changes
in M2 muscarinic receptor signaling were due to cell damage brought about by the treatments.
As shown in Fig. 5, the treatments had no influence on total protein content or relative
distribution of G-protein α-subunits in membranes. We also found no change in cell membrane
permeability estimated as calcein retention or metabolic activity of cells determined as
fluorescein oxidation.

We also tested whether reduced Gq/11 G-protein activation in cholesterol-depleted CHO-M2
cells generalizes to the M1 and M3 receptors that are preferentially coupled to this signaling
pathway. Results of these experiments are shown in Fig. 3B, D and summarized in Table 5.
Cholesterol depletion significantly inhibited the efficacy of carbachol by 71% and 72% in
CHO-M1 and CHO-M3 cells, respectively. This reduction was accompanied by a significant
decrease of carbachol potency from 2.0 to 7.1 μM in CHO-M3 cells, with no effect in M1 cells.
Cholesterol enrichment had no effect on carbachol potency at both receptor subtypes, but
significantly reduced its efficacy by 44% only in CHO-M1 cells.

4. Discussion
Extracellular signal transduction to the cell interior through G-protein coupled receptors is
effected by receptor interaction with preferred G-proteins (Baker and Hill, 2007; Kobilka,
2007; Ridge and Palczewski, 2007). However, we have recently shown that the muscarinic
M2 receptors directly couples with all three major subclasses of heterotrimeric G-proteins, i.e.
the preferential Gi/o G-proteins and the nonpreferential Gs and Gq/11 G-proteins, and activates
their signaling pathways (Michal et al., 2007). Various muscarinic agonists induce receptor
conformations differing in the extent of individual G-protein activation (Michal et al., 2001
and 2007; Jakubík et al., 2006). Lipid composition of the plasma membrane in which receptors,
G-proteins, and more distal effector proteins are inserted also influences signal transduction
(Escriba et al., 2007). Changes in cholesterol content alter membrane fluidity and thickness
and can thus physically affect binding characteristics, functional properties, and metabolic fate
of incorporated receptors and other proteins.
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In the present work we demonstrated that altering membrane cholesterol content had significant
influence on carbachol-evoked signal transduction at the M2 muscarinic receptor that differed
for individual signaling pathways. Changes of membrane cholesterol content influenced either
agonist potency or efficacy or both in activating different M2 receptor non-preferential
signaling pathways (Figs 2, 3AC, and Table 5). However, there was no change in the M2
receptor selectivity in preferential activation of the Gi/o G-proteins. In case of preferred Gi/o
G-protein signaling pathway there was an increase of maximal carbachol-induced inhibition
of cAMP levels by 35% in cholesterol-depleted cells with no significant change in potency. In
concert with our previous observations on cells in suspension (Michal et al., 2001 and 2007)
we also observed a biphasic concentration-response relationship of carbachol effecst on
forskolin-stimulated cAMP synthesis in attached cells. Our results differ from those of Mistry
et al. (2005) who did not observe a stimulatory phase in attached cells. This discrepancy may
be explained by the use of a phosphodiesterase inhibitor in our study. Concerning activation
of the Gs signaling pathway by the M2 receptor, a decrease in cholesterol increased Emax in
stimulating cAMP synthesis both in control and pertussis toxin-treated cells with significantly
reduced potency only in pertussis toxin-treated CHO-M2 cells. In contrast, reduction of
membrane cholesterol significantly reduced the efficacy of carbachol in inducing inositol
phosphates accumulation with no change in carbachol potency. Generally, reduction of
membrane cholesterol had more manifest effects than its augmentation on activation of the
M2 receptor signal transduction. The increase of membrane cholesterol significantly decreased
Emax and increased potency of carbachol in stimulating cAMP synthesis only in pertussis toxin-
treated cells.

Because we measured second messenger responses that are distal to the initial step of agonist
binding/G-protein/effector activation we performed several control experiments to exclude the
possibility that cholesterol-modifying treatments impaired cell metabolism or induced
redistribution of proteins involved in the signaling cascade. No change in total protein content
or densities of α-subunits of Gi/o and Gq/11 G-proteins was detected in treated membranes.
There was also no change in membrane permeability and oxidative activity of cells (Fig. 5).
Finally, treatments had no appreciable influence on myo-inositol metabolic labeling or adenine
incorporation into cells. These data thus support the view that the observed modulation of
carbachol effects occurs at the agonist/receptor/G-protein/effector interaction level.

Density of membrane muscarinic receptors in intact cells was measured as specific binding of
the membrane non-permeable antagonist [3H]NMS under conditions mimicking those used for
determination of functional responses. Results showed that MBCD treatment caused a decrease
in ligand affinity and a rather unexpected increase of its maximal binding. One possible
interpretation of affinity change is the direct allosteric influence of cholesterol on the receptor
(Colozo et al., 2007). Another is altered receptor conformation due to change of membrane
biophysical properties. The observed increase in density of cell-surface muscarinic receptors
by reducing membrane cholesterol content might be the result of effects on receptor recycling.
Indeed, cholesterol depletion reduced the Emax, EC50, and rate constant of carbachol-induced
receptor internalization (Fig. 4, Table 6) whereas cholesterol enrichment had no effect. In this
context it is worth mentioning that the EC50 values of carbachol in inducing receptor
internalization corresponded to the single affinity of carbachol binding in control and
cholesterol-enriched cells, and to its low-affinity binding in cholesterol-depleted cells (Table
5). This suggests that the bulk of M2 receptors in control and cholesterol-enriched cells exist
in the low-affinity conformation. However, factors other than reduced receptor internalization
could also be implicated since an increase in membrane-bound receptors was also apparent
when control membranes, instead of intact cells, were pretreated with MBCD. Neither reduced
receptor internalization nor new receptor synthesis can take place under these conditions. The
increase of the total cell receptor number in MBCD-treated cells was also observed in
measurements with the membrane-permeable antagonist [3H]-quinuclidinylbenzilate that

Michal et al. Page 9

Eur J Pharmacol. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



labels both surface and intracellular (but still intact) muscarinic receptors. This observation
suggests that the increase in cell surface binding sites is not due to augmented incorporation
of existing intracellular receptors to plasma membrane. Together, these findings are in favor
of the notion that decreasing membrane cholesterol may make more membrane muscarinic
binding sites accessible to the radioligands.

The increase in plasma membrane muscarinic receptor density in cholesterol-depleted cells
offers plausible explanation for enhanced efficacy of carbachol in inhibiting cAMP synthesis
via the Gi/o G-protein pathway and in increasing cAMP synthesis via activation of the Gs G-
protein. It does not, however, fit with the decrease of carbachol efficacy in stimulating inositol
phosphates accumulation via activation of the Gq/11 G-proteins pathway. Competition binding
experiments in intact cells indicated that carbachol interacts with a single-affinity binding site
in control and in cholesterol-enriched cells. In contrast, a two-site model with Ki high of 3.6
μM (24% binding sites) better fitted carbachol displacement data in cholesterol-depleted cells.
The potency of carbachol at this high-affinity binding site approximates that of its single site
in control and cholesterol-enriched cells (4.9 and 4.3 μM, respectively). Thus, cholesterol
depletion might result in conversion of a substantial proportion of plasma membrane
muscarinic receptors to a lower affinity agonist-binding conformation. Alternatively, the new
muscarinic binding sites that become accessible as a result of cholesterol depletion might
possess low agonist binding affinity.

In order to gain closer insight into changes of agonist binding properties of the orthosteric site
we performed competition experiments on membranes prepared from control and treated cells.
All competition curves exhibited high and low affinity binding sites. For both receptor
conformations, the highest affinities were found in cholesterol-enriched and the lowest in
cholesterol-depleted membranes (Fig. 1D, Table 3). However, membranes from cholesterol-
depleted cells displayed a significantly larger proportion of high affinity binding sites (63%
compared to 33% in control and 39% in cholesterol-enriched membranes). Addition of GTP
to the incubation buffer of control membranes resulted in the expected robust rightward shift
of the carbachol displacement curves that nevertheless still displayed two affinity binding sites.
GTP caused large shifts of the high affinity carbachol binding site in all treatment groups
(namely 69, 145, and 331 fold decrease in Ki high in control, cholesterol-depleted, and
cholesterol-enriched membranes, respectively). The Ki high in the presence of GTP roughly
corresponded to the Ki low obtained in its absence. In contrast, the shift of the low affinity
binding site was only 3.7, 4.9, and 7.6 fold decrease in affinity in control, cholesterol-depleted,
and cholesterol-enriched membranes, respectively. The presence of two binding sites with
different low affinities for carbachol in the presence of GTP is most likely due to the presence
of uncoupled receptors and receptors that interact with either „empty pocket (unliganded)
Gαβγ“ or „Gα(GTP)Gβγ“ G-protein complexes (Abdulaev et al., 2006).

Changes in coupling of muscarinic receptors in cholesterol-depleted cells may be explained
by altering the ratio of receptor monomers and oligomers. It has been recently shown that the
monomeric form of the receptor is the receptor species that is capable of interaction with G-
proteins and binding agonists with high affinity (Whorton et al., 2007). Changes in membrane
fluidity by altering its cholesterol content could also modify diffusion of muscarinic receptors
and therefore their interaction with G proteins. The latter phenomenon has been demonstrated
in CHO-M2 and CHO-M3 cells (Azpiazu and Gautam, 2004). However, we observed opposite
effects of cholesterol reduction on coupling of M2 receptors with respect to Gi/o and Gs
signaling on the one hand and Gq/11 on the other hand.

Gq/11 signaling may have an important role in the pathogenesis of Alzheimer’s disease. It has
been demonstrated that muscarinic receptor stimulation of the Gq/11 G-protein signaling
pathway increases non-amyloidogenic cleavage of the amyloid precursor protein (Buxbaum
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et al., 1992; Nitsch et al., 1992). Furthermore, reduced activation of G-proteins by muscarinic
receptors has been demonstrated in a transgenic mouse model of Alzheimer’s disease, a
phenomenon expected to facilitate formation of the amyloid-beta protein (Machová et al.,
2008). It was thus of interest to determine effects of membrane cholesterol manipulation at
M1, M2, and M3 receptors that vary in their preference for coupling to this pathway. Cholesterol
depletion decreased efficacy of carbachol in stimulating IP accumulation at all three receptor
subtypes, but decreased agonist potency only at the M3 receptor. Cholesterol enrichment had
no effect on carbachol stimulation of IP formation in CHO-M2 and CHO-M3 cells. However,
the maximal response in CHO-M1 cells was significantly inhibited. Particularly interesting in
this respect is the reduction of carbachol-induced IP accumulation by the M1 receptor in both
cholesterol-depleted and cholesterol-enriched cells. The M1 receptor exhibits higher levels of
expression in the brain in comparison to the other four muscarinic receptor subtypes (Flynn et
al., 1995; Krejčí and Tuček, 2002) and plays an important role in learning and memory.

In summary, we demonstrated that depletion of plasma membrane cholesterol exerts significant
influence on M2 muscarinic receptor function. This effect involves both attenuation of agonist-
induced receptor internalization and changes in agonist potency and efficacy that are different
for individual signaling pathways. The observed differences in the effects of altering cell
cholesterol content between receptor subtypes eliminate the possibility of nonspecific effects
distal to receptor/G protein/effector coupling. However, determination of the underlying
molecular mechanisms that change receptor/G-protein/effector interactions will require further
investigations. Regardless of the underlying mechanisms, demonstration of the attenuation of
muscarinic receptor signaling through Gq/11 G-proteins consequent to changes in membrane
cholesterol content may have importance in the pathogenesis of neurodegenerative disorders.
Increased blood cholesterol level consequent to increased intake, aging, or hereditary
malfunction of cholesterol metabolism are major risk factors in Alzheimer’s disease. However,
brain membrane cholesterol level decreases during aging (Svennerholm et al., 1994) and this
reduction is even more manifest in brains of a subset of Alzheimer’s patients (Ledesma et al.,
2003), in line with the demonstrated physiological role of amyloid β1–40 fragments in inhibiting
cholesterol synthesis (Grimm et al., 2005). A large body of evidence demonstrates that
reduction of cell cholesterol levels inhibits amyloidogenic processing of the amyloid precursor
protein (Hartmann et al., 2007) by inhibiting β- and γ-secretase activity (Grimm et al., 2008).
On the other hand, an increase in the production of pathogenic β-amyloid fragments in
membranes of cholesterol-depleted primary hippocampal neurons and CHO cells has been
reported (Abad-Rodriguez et al., 2004). These effects may be related to attenuation of Gq/11
G-protein signaling and its associated non-amyloidogenic α-secretase cleavage of the amyloid
precursor protein.
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Fig. 1.
Binding of [3H]-NMS and carbachol in cells and membranes after cholesterol depletion or
cholesterol enrichment. A and B: Specific [3H]-NMS binding in intact cells (A) and
membranes (B) is fitted as a saturation isotherm (abscissa, concentration of [3H]-NMS;
ordinate, specific binding in pmol/mg protein). Shown is a representative experiment. Each
point is the mean±S.E.M. of triplicate values. When S.E.M. is not depicted it was smaller than
the symbol. Parameters of non-linear regression fits are shown in Table 2. C and D:
Displacement of 0.6 nM [3H]-NMS by carbachol (abscissa, log M) is expressed as percent of
control (ordinate) in intact cells (C) and membranes (D) without or with added GTP as
indicated. Each point is the mean±S.E.M. of six values from two independent experiments.
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One- or two-site competition equation is fitted to data as appropriate. Parameters of fits are
shown in Table 3. Control, cells or membranes derived from untreated cells; MBCD,
cholesterol-depleted cells or membranes prepared from these cells; Cholesterol-MBCD,
cholesterol-enriched cells or membranes derived from these cells. Dashed lines in (D) denote
competition curves in membranes incubated in the presence of 10 mM GTP.
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Fig. 2.
Influence of changes in membrane cholesterol content on carbachol-induced modulation of
cAMP synthesis in intact cells. A: Raw data of concentration-response relationship of
carbachol effects (abscissa, log M) on forskolin-stimulated cAMP synthesis are expressed as
percent of incorporated radioactivity (ordinate). Bell-shaped concentration-response equation
is fitted to data obtained in native cells (full lines) and Sigmoidal concentration-response
equation with slope of unity to data obtained in pertussis toxin-pretreated cells (dashed lines).
Statistical evaluation of the effect of treatments on resting values is shown in Table 4. B: For
better clarity, effects of cholesterol depletion or enrichment on carbachol-induced changes of
forskolin-stimulated cAMP synthesis is expressed as a net change (ordinate; in percent of
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incorporated radioactivity). The net inhibition of cAMP synthesis was obtained by subtracting
basal values from values measured in the presence of carbachol up to a concentration of 3 μM
shown in A. The net stimulation of cAMP synthesis in native cells by carbachol from a
concentration of 10 μM up was obtained by subtracting calculated maximal inhibition values.
The net stimulation of cAMP synthesis in pertussis toxin-treated cells (dashed lines) was
obtained by subtracting measured basal values from those in the presence of carbachol.
Sigmoidal concentration-response equation with slope of unity was fitted to the data.
Parameters of fits are shown in Table 5. Symbols are as described in Fig. 1.
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Fig. 3.
Influence of changes in membrane cholesterol content on carbachol-induced inositol
phosphates (IP) accumulation in intact cells expressing M2, M1, and M3 receptors. A and B:
Shown are raw data (ordinate, percent of incorporated radioactivity; abscissa, log M
concentration of carbachol) in cells expressing M2 receptor (A) or M1 and M3 receptors (B).
C and D: For easier comparison, concentration-responses of carbachol-induced (abscissa, log
M) IP accumulation are shown as a net increase above basal in percent of incorporated
radioactivity (ordinate). The net stimulation of IP accumulation was calculated by subtracting
resting values. A sigmoidal concentration-response equation was fitted to data. Statistical
evaluation of the effect of treatments on resting values is shown in Table 4 and parameters of
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fits are shown in Table 5. Symbols are the same as in Figure 1. CHO-M1-M3, CHO cells
expressing M1-M3 receptors individually.
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Fig. 4.
Effects of changes in membrane cholesterol content on internalization of M2 receptors induced
by carbachol stimulation. A: Concentration-response of carbachol during 20 min incubations
(abscissa log M) on the number of plasma membrane M2 receptors in intact cells. B and C:
Time-course (abscissa, time in min) of 10 μM (B) and 1 mM (C) carbachol effects on the
number of plasma membrane M2 receptors in intact cells is expressed as percent of control
values (ordinates). Points are mean±S.E.M. when bigger than symbols, of six values from two
independent experiments. Symbols and descriptions are the same as in Figure 1. Sigmoidal
concentration-response equation with slope of unity (A) or single phase exponential decay
equation (B and C) was fitted to data. Parameters of fits are shown in Table 6.
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Fig. 5.
Influence of treatments on protein content and cell integrity. A: Protein content in control cells
and in cells treated with MBCD or Ch-MBCD. Results are expressed as percent (ordinate) of
protein content in control cells in six independent experiments. B: Relative content in percent
of controls (ordinate) of Gs, Gi/o, and Gq/11 G-protein α-subunits in membranes prepared from
MBCD and Ch-MBCD treated cells. Data are shown as mean±S.E.M. of three independent
experiments. Representative blots are shown above the columns. C: Rate of calcein leakage
during one hour incubation in MBCD and cholesterol-MBCD treated cells expressed in percent
(ordinate) of leakage in control cells. Columns represent mean±S.E.M. of two independent
experiments in octaplicates. D: Oxidative activity of MBCD and cholesterol-MBCD treated
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cells is expressed in percent (ordinate) of that in control cells. Columns represent mean±S.E.M.
of two independent experiments in octaplicates.

Michal et al. Page 23

Eur J Pharmacol. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Michal et al. Page 24

Table 1
Cholesterol content

Cholesterol content (pmol/μg protein)

Treatment Intact cells Membranes

No treatment-control 56.0±1.1 (6) 129.4±10.1 (4)

MBCD 14.5±1.4 (6)a 79.4±5.6 (4)a

Cholesterol-MBCD 150.5±4.2 (5)a 306.7±28.3 (4)a

Total cholesterol (cholesterol+cholesterol esters) content values are mean±S.E.M. of the number of independent experiments given in parentheses.

a
P<0.01, significantly different from controls by Anova and Tukey’s test.
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Table 2
Influence of changes in membrane cholesterol content on parameters of [3H]-NMS binding

Intact cells Membranes

Treatment Bmax (pmol/mg protein) Kd (pM) Bmax (pmol/mg protein) Kd (pM)

Control 1.18±0.07 243±31 1.87±0.30 334±54

MBCD 1.98±0.18a 511±90a 2.53±0.37a 500±43a

Cholesterol-MBCD 0.83±0.08 205±28 1.60±0.31 316±48

Parameters of [3H]-NMS saturation analysis are mean±S.E.M. of five (intact cells) or six (membranes) independent experiments in triplicates as that

shown in Fig. 1A, B. Bmax, maximal binding; Kd, equilibrium dissociation constant of [3H]-NMS;

a
P<0.01, significantly different from controls by two-way Anova and Tukey’s test.
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Table 3
Affinity of carbachol in intact CHO-M2 cells and membranes after cholesterol depletion or enrichment.

Treatment

control MBCD Ch-MBCD

Cells one-site fit

Ki (log M) −5.30±0.01 - −5.36±0.01

Cells two-site fit

Ki high (log M) - −5.45±0.08 -

Ki low (log M) - −4.14±0.03 -

Fraction high - 0.24±0.02 -

Membranes two-site fit

Ki high (log M) −7.73±0.04 −7.18±0.03a −8.38±0.05a

Ki low (log M) −5.33±0.02 −4.75±0.05a −5.61±0.03a

Fraction high 0.33±0.01 0.63±0.01a 0.39±0.01a

Membranes+GTP two-site fit

Ki high (log M) −5.89±0.06 −5.02±0.16a −5.86±0.05

Ki low (log M) −4.76±0.07 −4.06±0.08a −4.73±0.08

Fraction high 0.52±0.05 0.32±0.09b 0.57±0.04

Ki values were calculated from [3H]-NMS displacement by carbachol shown in Fig. 1C, D and [3H]-NMS affinity indicated in Table 2.

a
P<0.01;

b
P<0.05; significantly different from corresponding controls by Anova and Tukey’s test. Preferred one or two site fits were determined by F-test (P<0.001).
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Table 4
Influence of changes in membrane cholesterol content on resting values of cAMP synthesis and inositol phosphates
accumulation

Treatment

control MBCD Ch-MBCD

cAMP synthesis

CHO-M2 native cells 1.27±0.03 1.71±0.04a 1.18±0.02

CHO-M2 PTX-treated cells 1.09±0.01 1.33±0.02a 0.97±0.02a

IP accumulation

CHO-M2 cells 1.78±0.16 0.83±0.15a 3.42±0.21a

Resting values of cAMP synthesis and IP accumulation in control, cholesterol-depleted (MBCD), and cholesterol-enriched (Ch-MBCD) native or pertussis
toxin-pretreated cells are expressed in percent of tissue content of radioactivity as mean±S.E.M. of number of observations indicated in Fig. 2 and 3.

a
P<0.01, significantly different from controls by Anova and Tukey’s test.
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Table 5
Influence of cholesterol content on carbachol-induced changes in cAMP synthesis and IP accumulation in intact CHO-
M2 cells.

Treatment

Response Parameter Control MBCD Cholesterol-MBCD

CHO-M2 cells

cAMP synthesis inhibition Emax −0.48±0.02 −0.65/−0.04a −0.37±0.02

EC50 (log M) −6.53±0.08 −6.43±0.08 −6.65±0.07

cAMP synthesis stimulation Emax 0.45/−0.04 0.76/−0.07a 0.37±0.03

EC50 (log M) −3.76±0.11 −3.51±0.11 −3.65±1.11

cAMP synthesis stimulation after
PTX

Emax 0.57±0.01 1.51/−0.03a 0.38±0.01a

EC50 (log M) −4.88±0.05 −4.59±0.04a −5.20±0.06a

CHO-M2 cells

IP accumulation Emax 7.88±0.21 5.15±0.21a 7.80±0.26

EC50 (log M) −4.08±0.04 −4.31±0.07 −4.17±0.05

CHO-M1 cells

IP accumulation Emax 42.0±1.3 12.2±0.8a 23.4±0.6a

EC50 (log M) −5.45±0.05 −5.19±0.09 −5.53±0.04

CHO-M3 cells

IP accumulation Emax 38.9±2.1 10.9±0.8a 35.4±1.4

EC50 (log M) −5.69±0.09 −5.15±0.10a −5.81±0.07

Parameters are derived from concentration-response curves shown in Figs 2B and 3B. Results are mean±S.E.M. of values from two independent
experiments done in hexaplicates (CHO-M2 cells) or three independent experiments done in triplicates (CHO-M1 and CHO-M3 cells). Emax, maximal
change induced by carbachol in percent of incorporated radioactivity;

a
P<0.01, significantly different from corresponding controls by Anova and Tukey’s test.
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Table 6
Internalization of M2 receptors in intact cells by carbachol

Treatment

control MBCD Ch-MBCD

Concentration-response

Emax (% of control binding) 73.7±2.7 54.5±1.5a 78.3±2.7

EC50 (log M) −5.32±0.09 −4.46±0.06a −5.38±0.09

Internalization by 10 μM carbachol

Rate constant (1/min) 0.104±0.008 0.046±0.017a 0.104±0.009

Plateau (% control) 32.5±1.5 80.3±3.1a 30.2±1.7

Internalization by 1 mM carbachol

Rate constant (1/min) 0.249±0.017 0.103±0.010a 0.246±0.019

Plateau (% control) 26.8±1.1 46.0±1.5a 27.2±1.2

Parameters of M2 receptor desensitization are mean±S.E.M. of two independent experiments in triplicates shown in Fig. 4.

a
P<0.01; significantly different from controls by Anova and Tukey’s test.
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