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All muscarinic acetylcholine 
receptors (M1-M5) are expressed 
in murine brain microvascular 
endothelium
Beatrice Mihaela Radu   1,2, Antonio Marco Maria Osculati3, Eda Suku4, Adela Banciu2,5, 
Grygoriy Tsenov1, Flavia Merigo1, Marzia Di Chio6, Daniel Dumitru Banciu2, Cristina Tognoli1, 
Petr Kacer7, Alejandro Giorgetti4, Mihai Radu   1,8, Giuseppe Bertini   1 & Paolo Francesco 
Fabene1

Clinical and experimental studies indicate that muscarinic acetylcholine receptors are potential 
pharmacological targets for the treatment of neurological diseases. Although these receptors 
have been described in human, bovine and rat cerebral microvascular tissue, a subtype functional 
characterization in mouse brain endothelium is lacking. Here, we show that all muscarinic acetylcholine 
receptors (M1-M5) are expressed in mouse brain microvascular endothelial cells. The mRNA expression 
of M2, M3, and M5 correlates with their respective protein abundance, but a mismatch exists for M1 
and M4 mRNA versus protein levels. Acetylcholine activates calcium transients in brain endothelium 
via muscarinic, but not nicotinic, receptors. Moreover, although M1 and M3 are the most abundant 
receptors, only a small fraction of M1 is present in the plasma membrane and functions in ACh-induced 
Ca2+ signaling. Bioinformatic analyses performed on eukaryotic muscarinic receptors demonstrate 
a high degree of conservation of the orthosteric binding site and a great variability of the allosteric 
site. In line with previous studies, this result indicates muscarinic acetylcholine receptors as potential 
pharmacological targets in future translational studies. We argue that research on drug development 
should especially focus on the allosteric binding sites of the M1 and M3 receptors.

While it is widely known that acetylcholine (ACh) is released by axonal terminals of cholinergic neurons, cholin-
ergic receptors are not found solely on target neurons. Rather, these receptor subtypes are also expressed by mul-
tiple non-neuronal cell types, both in the CNS (central nervous system) and peripherally, including endothelial, 
epithelial, mesothelial and immune cells1. This is not surprising, since cholinergic regulatory mechanisms have 
been described even in organisms lacking nervous systems, including plants, algae, and bacteria2.

Of particular interest is the role of muscarinic cholinergic receptors (mAChR) in modulating brain circu-
lation, as it is known that ACh plays an important regulatory role at the level of brain arterioles, capillaries and 
venules3. For example, anatomical evidence from rats shows that a significant portion of the projections from 
basal forebrain neurons to fronto-parietal cortical microvessels are cholinergic4. Additionally, it has been shown 
that intrinsic ACh neurons innervate intracortical cerebral blood vessels in rats5. More recently, it has been 
reported that the somatosensory cortex microvasculature is innervated by cholinergic neurons6. The functional 
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effects, such as vasodilation, of ACh and equivalent agonists (e.g., carbachol) have been demonstrated on both 
the luminal and parenchymal sides of brain vasculature in humans and hamsters7, 8. However, the mechanisms 
by which ACh may act on the endothelium of brain microvasculature (independent of whether direct vascular 
innervation can be established), are not yet fully understood.

The exchange of signals between the blood stream and the brain parenchyma is facilitated by the close prox-
imity of neurons or glial cells to the capillary anastomoses; in the mouse cortex, the average distance among 
the nearest blood capillary and neurons is 15 microns9. ACh has been shown to regulate peripheral vascular 
homeostasis, especially via actions on the endothelium10, for instance by stimulating epoxyeicosatrienoic acids 
production11. Indeed, cholinergic mechanisms in the mouse endothelium have been described in a variety of 
fresh tissue preparations of the macro- and microcirculation12–15. ACh has also been detected and quantified in 
the bloodstream, where it may interact with the luminal side of the endothelium16. Notably, however, endothelial 
cells present a high degree of heterogeneity in the expression of surface markers, carrier proteins, and intracellular 
enzymes, across and within tissues17.

The localization and functional activity of muscarinic and/or nicotinic ACh receptors in brain microvascular 
endothelia have been described humans, rats, and bovines18–22, but not in mice. Given the potential importance 
of this receptor family as non-neuronal drug targets23, and the increasing use of mAChR knockout mice as models 
for common neurological disorders24–26, a detailed characterization of mAChRs expression and functionality in 
the mouse brain microvasculature is a high priority.

The mAChRs are a sub-class of the G-protein-coupled receptors (GPCRs) family, comprising 5 subtypes 
(M1-M5). M1, M3, and M5 are coupled with the Gq protein and, via phospholipase C signaling pathway, generate 
cytosolic calcium transients; M2 and M4, on the other hand, couple with the Gi protein inhibiting the adeny-
lyl cyclase25, 26. While obtaining mAChRs subtype-selective ligands is a primary goal in drug development25, 27,  
previous attempts have failed due to the highly conserved structure of the orthosteric binding site across the 
muscarinic receptor family members28, 29. On the other hand, the allosteric binding site seems to hold promise 
as a specific pharmacological target27. Yet, despite considerable recent progress in crystallography and molecular 
modeling of mAChRs (as well as the successful crystallization of human M1, M2, M4, and rat M3 receptors30, 31), 
no 3D structure predictions based on homology modeling studies have been carried out for mouse muscarinic 
receptors.

Indeed, previous studies of mAChRs expression in different species reported rather contradictory results, 
possibly due to the different cell sources and/or techniques used. Initially, using a radioligand binding assay, 
the presence of M1 and M3 was demonstrated in membrane samples from human and bovine microvessels32. 
However, subsequent ultrastructural investigations in rat capillaries showed a lack of mAChRs at this level; the 
few samples in which mAChR expression was detected on the perivascular astroglia and have been attributed to 
the endfeet of cholinergic neurons innervating the capillary basement membrane19, 20. In contrast, mAChRs have 
been reported in human endothelial cells from brain microvessels and capillaries18. In particular, the M2 and M5 
receptors (and occasionally M1) have been identified in cells cultivated from intracortical biopsies obtained from 
patients with temporal lobe epilepsy. In addition, M3 and M2 receptors have been found in post-mortem fetal 
cerebral cortex samples (10–18 weeks of gestation). However, the peculiarity of these samples limits the general-
ization of the results.

Here, we report direct evidence that all 5 mAChRs subtypes are expressed in mouse brain microvascular 
endothelial cells using a combination of quantitative analyses of mRNA and protein levels. The M1 and M3 sub-
types, in particular, show functional and pharmacological properties consistent with previous reports in the same 
tissue types from other species. While we confirm the abundant presence of M3 in mouse brain endothelial cells, 
similar to findings in other species, we report for the first time the expression, but low functional relevance, of M1 
in these cells. We analyzed the conservation of the orthosteric and allosteric binding site among receptor subtypes 
along all annotated (as from GPCRdb33) eukaryotic species. Our data confirm the idea that, while the orthosteric 
cavity is highly conserved, the allosteric site is highly variable and thus represents a potential pharmacological tar-
get for drug design. Our findings support further translational and experimental cerebrovascular studies in mice.

Results
All muscarinic acetylcholine receptor subtypes are expressed by mouse brain microvascular 
endothelial cells.  We first sought to identify and quantify mRNA expression of mAChRs M1-M5 in two 
types of mouse brain microvascular endothelial cells. Quantitative real-time PCR (qRT-PCR) analyses using both 
β-actin (Actb) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) as reference genes indicated that both 
brain microvascular endothelial cells (BMVECs) and brain endothelial cells (bEnd.3) express mRNA transcripts 
for Chrm1–5, which encode mAChRs M1-M5. The ranking of mRNA levels in BMVECs and bEnd.3 cells was as 
follows: Chrm3 > Chrm4 >∼ Chrm1 >∼ Chrm5 > Chrm2 (Fig. 1A–D). These rankings were consistently observed 
when data were normalized against either reference gene, despite the different functional roles of the latter. The 
most abundant muscarinic receptor gene, Chrm3, was approximately 105 times more abundant than Chrm2, and 
about 200 times, 500 times and 3000 times more than Chrm4, Chrm1 and Chrm5, respectively.

We next confirmed the presence of all muscarinic receptor subtypes and their subcellular distribution in 
both BMVECs and bEnd.3 cells via immunofluorescence staining (Fig. 2). A qualitative analysis did not reveal 
substantial differences in receptor expression between the two cell types; however, each subtype showed a specific 
subcellular localization pattern (Table in Fig. 2). In particular, most subtypes (M1-M4) are strongly present in 
the cytoplasm (mainly in the perinuclear region), while M5 was much more concentrated in the plasmalemma. 
Interestingly, an important fraction of M1 was localized in the nucleus, and was almost absent from the plasma 
membrane. M3 was abundant in the cytosol, but its presence partly extended to the plasma membrane.
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M1, M3, and M4 are the most abundant receptors in brain microvascular endothelial cells.  With 
the transcriptomic expression and subcellular distribution of mAChRs established, we next confirmed and quan-
tified mAChR protein expression in mouse brain microvascular endothelial cells (BMVECs and bEnd.3 cells). 
Using the matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry, we exam-
ined the amount of all muscarinic receptor proteins in brain microvascular endothelial cells (Supplementary 
Fig. 2C–G). Ratios of each mAChR (x10−6) normalized to the total amount of protein were calculated. One-way 
ANOVA analyses showed significant differences between subtypes for BMVEC cells (F(64) = 62.03, p < 0.0001) 
and b.End3 cells (F(34) = 222.8, p < 0.0001). Followed Holm-Sidak post-hoc tests indicated much higher levels of 
M1, M3 and M4 compared to M2 and M5 subtypes in both BMVECs (Fig. 3A) and b.End3 cells (Fig. 3B). Moreover, 
M1 expression was significantly higher than M3 and M4 in BMVECs significantly higher expression than M4 in 
bEnd.3 cells.

We also found that, for each mAChR subtype, expression in bEnd.3 cells was almost double that in BMVECs, 
and very similar results were obtained by means of the Bradford method (unpaired t-test, t = 8.384, df = 18, 
p < 0.0001, Supplementary Fig. 2B) thereby excluding potential biases due to overall differences in protein expres-
sion. Similar discrepancies in mAChR expression between primary and immortalized endothelial cells have been 
reported between freshly isolated and cultured bovine aortic endothelial cells22.

Protein quantitation data indicates that the M1 and M4subtypes are present in both cell types in amounts 
comparable to M3, in spite of significantly lower mRNA levels. A mismatch between mRNA and protein levels is 
not surprising per se, as such correlation in complex biological samples has been reported to be poor34. Different 
normalization factors between methods can play a role as well. Total protein loading control was reported to 
be more reliable than the housekeeping proteins loading controls35. We also examined the levels of β-actin and 
α-tubulin to see if they can be used as a reliable loading control under our experimental conditions. In the cali-
bration procedure, we found that the protein expression level for β-actin is ~3.8 times higher in BMVEC than in 
bEnd.3 cells, the level of α-tubulin is ~5.6 times higher. Therefore, the total amount of protein in our samples was 
used as the normalization factor.

Cholinergic activation of calcium signaling pathways in brain microvascular endothelial cells 
depends on muscarinic, but not on nicotinic receptors.  The finding of muscarinic receptor transcripts 
and proteins, together with their subcellular localization in brain microvascular endothelial cells, prompted the 
characterization of their functional properties, which we pursued by means of calcium imaging recordings. As 

Figure 1.  mRNA levels for Chrm1 - Chrm5, respectively encoding the M1-M5 receptors, quantified via qRT-
PCR in BMVECs (A,C) and bEnd.3 cells (B,D). Data are normalized against two different reference genes, 
Gapdh (A,B) and Actb (C,D), and are plotted as mean ± SD (N = 5), from three different cell batches. One-way 
ANOVA analysis indicated: (A) F(32) = 80, p < 0.001; (B) F(25) = 56, p < 0.001; (C) F(25) = 58, p < 0.001; 
(D) F(14) = 121, p < 0.001. Statistical pairwise significance is indicated with asterisks (*0.01 < p < 0.05; 
**0.001 < p < 0.01; ***p < 0.001) followed by the compared variant.
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already mentioned, M1, M3 and M5 have been shown to trigger calcium transients in the cytosol in response to the 
binding of specific muscarinic agonists25.

The typical response to ACh for both BMVECs and bEnd.3 cells began with a sharp peak, followed by a 
smaller but sustained response (see Supplementary Figs 3–5 for representative examples), particularly after 
higher ACh concentrations (1 µM and 10 µM; Supplementary Fig. 3). This is consistent with the slow but sus-
tained influx through store-operated calcium channels located in the plasma membrane that follows the peak 
in muscarinic-mediated vascular endothelial Ca2+ signaling36. Since ACh is an agonist for both nicotinic and 
muscarinic receptors, we examined the contribution of each receptor type to the overall ACh-induced Ca2+ sig-
nal. To accomplish this, we used a double-pulse protocol, starting with the application of the specific agonist 
(either nicotine or muscarine) followed by a 10-minute washout period, and subsequent application of ACh as 

Figure 2.  Detection of M1-M5 receptors by means of immunofluorescence in BMVECs and bEnd.3 cells. The 
labeling obtained with anti-M1–5 antibodies (green) is here merged with TO-PRO®-3 nuclear staining (blue); 
scale bar: 10 µm. The table shows qualitative estimates of protein abundance in the plasma membrane (PM), 
cytoplasm (Cyt), and nucleus (N). The evaluation was based on visual assessment of green fluorescence intensity 
on 40 cells per antibody, scored from not observable (−) to very intense (+++).
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a positive control (Supplementary Fig. 6). The 10-minute delay was confirmed to be sufficiently long in control 
experiments where ACh was applied both before and after the washout, triggering responses of similar amplitude 
in both trials (Supplementary Fig. 6A,B). Muscarine administration (100 µM) induced an intracellular calcium 
signal amplitude similar to the one triggered by 10 µM ACh (Supplementary Fig. 6C,D), while nicotine (300 µM) 
did not produce any response (Supplementary Fig. 6E,F). These results demonstrate that nicotinic receptors did 
not contribute to ACh-dependent calcium mobilization in our preparation and that the elicited signal depended 
entirely on GPCR muscarinic receptors.

We further characterized muscarinic receptor functionality by investigating the concentration-response curve 
for ACh concentrations in the range of 1 nM to 10 µM. Increased ACh concentrations produced higher-amplitude 
calcium peaks (representative traces are shown in Supplementary Fig. 3). The best-fit curve for the data by the 
Hill equation (eq. (1), details in Methods section) was obtained with α = 1. The fit concentration-response curve 
yielded EC50 values of 0.216 ± 0.016 µM (mean ± S.E.M) for BMVECs and 0.290 ± 0.035 µM for bEnd.3 cells 
(Fig. 4).

Our data are in the same range as the EC50 values at 0.4 µM previously calculated for ACh-induced calcium 
signals in the HLE-B3 human lens epithelial cell line37. Interestingly, no direct correlation was observed between 
the abundance of M1-M5 receptor proteins (Fig. 3) and the EC50 curve left-shift (Fig. 4) or the maximal mean 
fluorescence ratio induced by ACh (Supplementary Fig. 3). Moreover, our results indicate that primary BMVEC 
cells are more sensitive to agonist exposure compared to the immortalized counterparts, their EC50 curve being 
left-shifted. These data are in accordance with the distinct Ach-induced calcium response of muscarinic receptors 
in primary cultivated vs. immortalized human lens epithelial cells37.

Selective blocking of M3 receptors (but not M1) reduces ACh-induced calcium signals.  The dif-
ferential functional contribution of muscarinic receptor subtypes expressed by BMVECs and bEnd.3 cells was 
next investigated by calcium imaging, adding muscarinic orthosteric antagonists to the medium two minutes 
before ACh application. The results (Fig. 5) indicate that the M1 receptor antagonist VU 0255035 was ineffective 
in blocking ACh-induced calcium signals, while 3 other antagonists (M3 receptor antagonists J104129 fumarate 
and 4-DAMP, and M1 receptor antagonist telenzepine dihydrochloride hydrate) completely inhibited the signals 
triggered in response to 1 µM ACh (representative traces are presented in Supplementary Fig. 4 for bEnd.3 cells 

Figure 3.  Relative protein abundance of M1-M5 receptors in brain microvascular endothelial cells (mean ± SD, 
N = 5). One-way ANOVA analyses showed significant differences between subtypes for both cell types: (A) 
F(64) = 62.03, p < 0.0001; (B) F(34) = 222.8, p < 0.0001. The Table shows the results (t values) of pairwise Holm-
Sidak post-hoc tests (*p < 0.05; **p < 0.0001).
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and in Supplementary Fig. 5 for BMVECs). The significant difference between the poor inhibition induced by the 
VU 0255035 and complete inhibition produced by telenzepine, both of them being accepted as M1 antagonists, 
can be explained by the difference in their affinity to M3 (8-fold less than for M1 in the case of telenzepine and 
58-fold less for VU 0255035). Thus, at high concentrations, the former also inhibited M3 while the latter did not.

Figure 4.  Concentration-response curves for ACh-induced increases in the normalized fluorescence ratio (ΔR/
ΔRmax) in BMVECs and bEnd.3 cells. Curves were fitted with eq. (1). Acetylcholine was used at concentrations 
ranging from 0.001–10 μM. Data are plotted as the mean ± SEM, N = 30 independent cells, from three different 
cell batches.

Figure 5.  Inhibition curves of the response to acetylcholine (1 μM) in BMVECs (A) and bEnd.3 cells (B) in 
the presence of mAChR antagonists telenzepine, VU 0255035, J104129 fumarate, and 4-DAMP. Results are 
expressed as average fractions (±SEM on N = 40 independent cells) of the maximal fluorescence ratio (recorded 
at 10 µM ACh) produced by the lowest concentration in the tested range. Ratios (ΔR/ΔRmax) are plotted as a 
function of antagonist concentration. Curves were fitted with eq. (2), and IC50 values are presented in Table 1.

http://5
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Inhibition curves for the 3 effective antagonists, when fit to a sigmoidal function (eq. (2)), yielded a Hill coeffi-
cient near 1 and absolute IC50 values in the range of 1 nM to 200 nM (Fig. 5 and Table 1). The maximal inhibition 
produced by VU 0255035 in the tested range of concentrations, as determined by the fit to eq. (2), was found to 
be less than 20%, and the relative IC50 was in the range of 75 nM to 150 nM. These data indicate that despite com-
parable protein expression levels for M1 and M3, the number of functional M1 receptors in the plasma membrane 
is much less compared to M3 receptors. Unfortunately, the lack of commercially available M5-specific antagonists 
limited our pharmacological characterization. The functional expression of mAChRs in BMVECs and bEnd.3 
cells was also evaluated by applying agonists/antagonists targeting the allosteric site of the receptors. We found 
that the selective allosteric M1 antagonist MT-7 (20 nM)38 did not exert any inhibitory effect on the ACh-induced 
calcium signal in either type of brain microvascular endothelial cells (Supplementary Fig. 7A). In line with these 
findings, the selective allosteric M1 agonist39 AC-42 (10 µM), did not elicit any calcium signals (Supplementary 
Fig. 7B). Taken together, these results lead to the conclusion that only low levels of the functional form of the M1 
receptors are present on the plasma membrane.

The variability of mouse muscarinic receptors lies in the allosteric binding site.  We comple-
mented our functional studies with a thorough conservation analysis of the residues located in the allosteric and 
orthosteric binding cavities. To such aim, we performed a multiple sequence alignment of all eukaryotic mus-
carinic receptors annotated in the GPCRdb database40.

To define orthosteric and allosteric residues, a “water level” was set in the intracellular half of the receptors as 
in Sandal et al.41 We validated this subdivision against the residues known to be involved in ligand-receptor inter-
actions of both cavities in the crystal structures42. From our alignment, the orthosteric cavity reflects the full con-
servation of the residues29, 43 (Fig. 6A–C). Conversely, the residues present in the allosteric binding site31 emerge 
as highly variable (Fig. 6A–C). To the best of our knowledge, this is the first time that a conservation analysis has 
been performed considering muscarinic receptors along all annotated eukaryotic species. We then performed 
docking experiments on M1-M5 modeled mouse muscarinic receptors with the four antagonists (Supplementary 
Figures 8–11): Telenzepine, J104129 fumarate, VU 0255035 and 4-DAMP. In the case of M5 we docked also its 
highly specific antagonist: VU 0488130 (also called ML38144) (Supplementary Figure 12). Within the limita-
tions of the method, it can be observed that, while three of these antagonists (Telenzepine, J104129 fumarate, 
4-DAMP) interact with residues located mainly in the orthosteric binding site, VU 0255035 and VU 0488130, 
probably due to their larger size, interact also with residues positioned in the allosteric binding sites (Fig. 6, 
Supplementary Table 3). In particular, VU 0488130 may interact with residues located in the allosteric cavity that 
are exclusively present in the M5 receptor, i.e Q145 and K470. Hence, differences in affinities could be explained 
by the observation that the VU 0255035 and VU 0488130 networks of interactions involve less conserved regions 
(Supplementary Figures 11 and 12).

Discussion
The results obtained in immortalized and primary cell cultures of the mouse brain microvasculature, including 
capillaries, lead to the conclusion that all muscarinic acetylcholine receptor subtypes are present in mouse brain 
endothelial cells. To our knowledge, this is the first report in which all mAChRs have been studied in terms of 
both mRNA expression and protein quantification in these cell types, thereby filling a gap in the existing litera-
ture, which focused on specific subsets. In addition, we provide a functional characterization of M1 and M3and 
argue that the distribution of M1–5 receptors may provide important insight into the endothelial response to 
cholinergic stimuli.

The analysis of transcripts revealed a gradient of mRNA expression by receptor subtype, with M3 representing 
the most abundant and M2 the lowest. In a previous study conducted in mouse retinal arterioles14, mRNA levels 
for the M3 receptor were similar to those reported here, but no other subtypes were detected. The discrepancy 
may be due to the substantial difference in detection thresholds, since in that study the cut-off was set at 10−4 
relative to β-actin, which is above the levels we report here for the other 4 subtypes. Low levels of M2 (mRNA and 

mAChR 
antagonist

BMVEC bEnd.3 Published reports

IC50 (nM) Ka (nM) IC50 (nM) Ka (nM) Receptor Ki (nM)

Telenzepine 191.29 ± 28.51 33.98 162.08 ± 21.86 36.43 M1 M3 2.5 20.774

VU 0255035* >104 >1770 >104 >2250 M1 M3
14.9 
877**52, 57

J104129 fumarate 33.81 ± 3.80 6.00 43.31 ± 3.62 9.74 M1 M3 19 4.275

4-DAMP 1.96 ± 0.48 0.42 1.39 ± 0.25 0.31 M1 M3 1 0.658, 76

Table 1.  Effects of 4 different muscarinic antagonists on the response of BMVECs and bEnd.3 cells to 1 μM 
ACh. Absolute IC50 values and affinity constants Ka were calculated based on eqs (2) and (3), respectively, from 
the data presented in Fig. 5. For comparison, previously reported affinity constants for M1 and M3 receptors 
(Ki), determined on individual clones expressed in testing cell lines, are also shown. *For VU 0255035, the 
absolute value of IC50 could not be established, due to this antagonist’s very low efficacy in blocking the calcium 
signal; **Ki values were determined via a radioligand binding assay52, 57, but the authors note that the Ki values 
obtained via a calcium mobilization assay could be at least two times higher than those determined in the 
radioligand binding assay.
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protein abundance) in our brain microvascular endothelial cells are consistent with data reported recently for the 
proteome of mouse cerebral arteries45.

An important finding in the present work concerns the cellular localization of mAChRs as revealed by immu-
nofluorescence. Aside from the plasma membrane, labeling was found in both the nucleus and the cytoplasm, 
with a subtype-specific distribution. This result fits within the framework of a novel paradigm that has emerged 
in the last ten years, indicating that GPCRs (the receptor family which mAChRs belong to) are able to engage in 
signaling even when positioned inside the cell, including the nucleus46. In particular, we found M1 mostly distrib-
uted in nuclear and cytoplasmic compartments, similarly to what has been reported for M1 in other cell types47, 
where the intracellular localization was explained either on the basis of constitutive internalization through a 
clathrin-dependent mechanism48 or via agonist exposure-dependent internalization49. In another report, the 
intracellular localization of M1 in neuroblastoma cells was considered associated with a distinct signaling pathway 
from the same receptors located in the plasma membrane50. On the other hand, the demonstration of intracel-
lular mAChRs is not in itself proof of their involvement in specific alternative pathways. For one thing, receptor 
proteins must be present in the cytoplasm during their folding and maturation process until insertion in the plas-
malemma. Additional experiments are necessary to describe the role of these intracellular fractions of mAChRs 
in brain endothelial cells.

Acetylcholine can trigger cytosolic calcium messenger pathways via both nicotinic and muscarinic receptors. 
The mechanisms of action of these receptors are very different; nicotinic receptor activation allows direct calcium 
ion influx from outside the cells, while the activation of Gq-coupled muscarinic receptors (M1, M3 and M5) trig-
gers the inositol triphosphate calcium pathway. Our results show that nicotine could not elicit any calcium sign-
aling in mouse brain microvascular preparations, which is in accordance with previous reports on rat coronary 
microvascular endothelial cells51. We therefore suggest that the measured calcium signals are due exclusively to 
the contribution of muscarinic acetylcholine receptors, e.g., M1, M3, and M5 receptors coupled to the phosphati-
dylinositol signaling pathway1, and not to nicotinic acetylcholine receptors. As M2 and M4do not contribute to 
the calcium signaling pathway, we did not include these receptors in the functional study. However, the high M4 
protein expression levels, comparable to those of M1 (Fig. 3), prompt further investigations into the role of this 
receptor in brain endothelial cells function.

In spite of the very recent availability of an M5-specific antagonist, VU 0488130 (ML381)44, we opted to 
exclude M5 from our functional characterization, due to its very low expression levels compared to M1 or M3 
(Figs 1 and 3). Moreover, an attempt to isolate the M5 response by saturating M1 and M3 with specific antagonists 
would be most likely unsuccessful because of the very small difference in the affinity of 4-DAMP to M3 and M5. 
In addition, no data are available on the affinity of J104129 fumarate to M5. According to Supplementary Table 1, 
the affinity of 4-DAMP to M5 is only twice as high as for M3which suggests that the antagonist, at concentrations 

Figure 6.  Conservation of orthosteric and allosteric site residues among annotated eukaryotic muscarinic 
receptors. (A) Conservation values of residues located in allosteric (red) and orthosteric (blue) binding sites. 
(B) Orthosteric and allosteric binding-site residues mapped on the M3 solved structure (PDB code: 4MQS). The 
residues are indicated as colored balls, following the same color code as in (A). (C) Plot of residues’ conservation 
values; residues of the orthosteric binding site (blue) and residues in the allosteric binding site (red).
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saturating M3, will also strongly inhibit the M5 signal. We also report here that the selective blocking of M1 recep-
tors does not reduce ACh-induced calcium signals. The functional expression of M1 receptors in brain micro-
vascular endothelial cells is particularly important, not only because of their high relevance in murine models of 
neurological diseases52–54, but also because their role is often neglected in favor of their neuronal counterparts.

Our data show a mismatch between M1mRNA levels and protein abundance. Previous studies have described 
that the synthesis, trafficking and localization of muscarinic receptors is influenced by multiple mechanisms40, 
including chaperone-assisted synthesis and transport (for example, it has been shown that small G-protein ARF6 
modulate trafficking of M2 receptor40). These processes might exert a major influence on how much mRNA is 
translated into functional proteins. In this context, one of the major findings revealed by the pharmacological 
characterization of mAChRs in our cells was the very low efficacy of VU 0255035 in inhibiting ACh-triggered 
signals. Considering the affinities of this antagonist for M1 and M3, we speculate that the small amount of inhibi-
tion we did observe was due to its binding to M3 and not to M1. This argument is supported by the fact that MT-7 
(the most specific allosteric M1 antagonist, with no affinity for any mAChR subtypes other than M1

55) also did 
not diminish the ACh signal. In turn, M3 antagonist J104129 fumarate completely inhibited the ACh signal over 
a range of concentrations corresponding to its specific affinity value. This strongly suggests that even if the pro-
tein expression of M1 was comparable to that of M3 (as shown by the MALDI-TOF data) the level of functional, 
plasma membrane-embedded M1 receptors is very low. This hypothesis is in accordance with previously reported 
values from mouse retinal arterioles14, where the presence of M3 was shown based on both mRNA quantification 
and a functional assay. In addition, the suggestion agrees with the low M1 levels revealed by immunofluorescence 
in the plasma membrane, with the majority of the protein being located near the nucleus. These data are further 
supported by the lack of M1 receptor activation in the presence of its very specific agonist, AC-4256.

Another key result of the present study is that the allosteric binding site of muscarinic receptors, including 
mouse receptors, is highly variable. Despite the commonly reported blocking specificity of J104129 fumarate, 
4-DAMP, and telenzepine for M3 and M1, these antagonists can bind to all mAChRs, and the differences between 
their binding affinities for each receptor subtype are not very prominent57, 58 (Supplementary Table 1). From our 
molecular docking experiments, it can be appreciated that these three antagonists interact with highly conserved 
residues mainly located in the orthosteric binding site. We paid instead particular attention to VU 0255035 and 
VU 0488130 (a high affinity M5 antagonist) and found that they could both interact with residues located in both 
the orthosteric and allosteric sites. The variability in the allosteric site could explain the differences in antagonist 
binding affinities.

Early reports demonstrated the presence of M1, M3 and M5 in the human brain microcirculation18, 32, which 
makes a full characterization of all three subtypes in the mouse very important. We excluded M5 from our func-
tional investigation because the data indicated low levels of both gene and protein expression, and there is limited 
knowledge on binding specificity of M5 antagonists44 to these receptors. The functional characterization that we 
performed for M1 and M3 receptors is physiologically relevant and in line with recent reports providing evidence 
on the importance of M1 and M3 in controlling blood pressure in various districts (i.e. mouse thoracic aorta and 
mesenteric artery59, rat mesenteric artery60, human umbilical vein61). Altogether, the present results provide an 
encouraging platform for future mouse-to-human translational studies. In particular, further experiments will be 
needed to fill a gap in our study, i.e. the functional characterization of the M4 subtype.

In summary, our findings highlight M3 receptors as major players in mouse brain microvasculature endothe-
lium. On the other hand, the role of M1 receptors in microvasculature should not be discounted, in spite of its 
low functional contribution to the ACh-induced calcium signaling, since a high amount of protein was found 
expressed in the cells. As previously mentioned, the presence of this receptor family in brain microvasculature 
endothelia holds promise for the identification of novel non-neuronal drug targets. Our data specifically point out 
the M1 and M3 subtypes as interesting targets in translational studies when designing drugs that act on the blood 
brain barrier. Moreover, the levels of M4 protein expression found in our study, almost as high as M1, prompt fur-
ther investigations that might extend our understanding of the role of muscarinic receptor subtypes in controlling 
brain endothelial cells.

Methods
All experimental protocols were approved by the University of Verona ethical committee. The methods were 
carried out in accordance with the relevant guidelines and regulations.

Brain endothelial cell cultures.  To avoid biases due to contamination from astrocytes and/or terminals18, 
we studied mAChRs in primary cultures of endothelial cells separated from brain microvascular tissue or in an 
endothelial cell line. Balb/c mouse primary brain endothelial microvascular cells BMVECs (#PB-BALB-5023, 
PELOBiotech, Germany; passages 3–6) and cells from the Balb/c mouse cell line bEnd.3 (#ATCC® CRL-2299™, 
ATCC, USA; passages 20–30) were cultivated as previously described62. Both endothelial cell types were tested 
for mycoplasma contamination twice per year using the Hoechst (#B2883, Sigma) DNA staining protocol. Cells 
were plated at a density of 2 × 104 cells/cm2 onto 24-mm cover glasses for the intracellular calcium imaging and 
immunofluorescence protocols, or into 25 cm2 flasks and further harvested for qRT-PCR and protein quantifica-
tion assays.

Gene expression via qRT-PCR.  To quantify the expression levels of Chrm1-5 (M1-M5 receptor-encoding 
genes) in mouse brain microvascular endothelial cells, total RNA was extracted using the GenElute Mammalian 
Total RNA MiniPrep Kit (RTN70, Sigma) according to manufacturer’s instructions. RNA concentrations were 
determined via spectrophotometric measurements of absorption at 260 and 280 nm (Beckman Coulter DU 730). 
DNase I treatment was used to remove contaminating genomic DNA. In agreement with manufacturer guide-
lines (Sigma), in our experiments the A260:A280 ratio was 2.03 ± 0.06 (bEnd.3) and 1.93 ± 0.03 (BMVEC). Reverse 
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transcription was performed using the High-Capacity cDNA Archive Kit (Applied Biosystems, USA). Actb and 
Gapdh were used as housekeeping genes. The following mouse Taqman primers (Life Technologies, USA) were 
used in accordance with manufacturer guidelines: Chrm1 (Mm00432509_s1), Chrm2 (Mm01701855_s1), Chrm3 
(Mm01338409_m1), Chrm4 (Mm00432514_s1), Chrm5 (Mm01701883_s1), Gapdh (Mm999999_g1), and Actb 
(Mm00607939_s1). Further information on primer selection for Chrm1 and Chrm2 is provided in Supplementary 
Fig. 1. The relative abundance of Chrm1-5 transcripts was assessed via qRT-PCR using the TaqMan methodology 
and the ABI Prism 7300 Sequence Detection System (Applied Biosystems, USA). Reactions were carried out in 
triplicate for 50 cycles.

Assessment of muscarinic receptor localization via immunofluorescence and confocal micros-
copy.  The cellular localization of the M1-M5 receptors was evaluated via immunofluorescence. Brain endothe-
lial cells were treated with a blocking and permeabilization solution (0.3% Triton 100, 1% bovine serum albumin, 
2% normal goat serum) for 30 min and were incubated overnight at room temperature with the primary anti-
body. They were then incubated for 1 h with the secondary antibody followed by an incubation with TO-PRO®-3 
(1:3000, Life Technologies) for 10 min for nuclear staining, and were finally mounted with a fluorescent mounting 
medium. The following polyclonal rabbit primary antibodies from Alomone, Israel were used: anti-M1 (1:100, 
#AMR-001), anti-M2 (1:100, #AMR-002), anti-M3 (1:100, #AMR-006), anti-M4 (1:100, #AMR-004), and anti-M5 
(1:100, #AMR-005). The primary antibody was omitted in negative-control samples. Goat anti-rabbit Alexa 488 
(1:1000, Life Technologies) was used as the secondary antibody. Normal goat serum and fluorescent mounting 
medium were purchased from Dako, Milan, Italy.

Specimens were examined using a confocal fluorescence microscope (LSM 710, Carl Zeiss, Germany) 
equipped with a 63x oil objective. The following acquisition parameters were used: pinhole corresponding to 
1 Airy Unit for each laser, 62 μm for the 488 nm laser and 66 μm for the 633 nm laser, digital gain of 1.00, and 
intensity of 5% for each laser. The acquisition parameter settings were kept fixed for each channel across dif-
ferent image acquisition sessions. Image acquisition was carried out using Zeiss LSM Image Browser software 
(Carl Zeiss, Germany). A visual evaluation of fluorescence intensity distribution in the nucleus, cytoplasm, and 
plasmalemma was used to characterize the cellular localization of the receptors. The green channel intensity was 
scored as follows: - (not observable), +(low), ++(medium) and +++(high). For each receptor were scored 40 
cells. Because of the intrinsic difficulty in clearly isolating membrane labeling, we regard this evaluation as strictly 
qualitative.

Protein extraction protocol.  We employed a protein immunomagnetic affinity capture technique for the 
mass spectrometry-based quantification of M1-M5 receptors from BMVEC and bEnd.3 cell samples. Cells were 
harvested in microvials and immediately placed on ice. They were then homogenized with a series of 10 ultra-
sonic pulses (Sonopuls HD 2070, Bandelin, Germany), 1 sec each at 50% of the maximum frequency in 10 mM 
PBS (pH 7.4, Sigma) supplemented with the Protease Inhibitor Cocktail for use with mammalian cell and tissue 
extracts (#P8340, Sigma), according to the manufacturer’s instructions. Homogenates were subsequently cen-
trifuged at 1000xg for 10 min at 4 °C to remove cellular debris. Cell lysates were collected, mixed with Laemmli 
loading buffer (#161-0737, Bio-Rad, Hercules, CA, USA) and heated at 70 °C for 20 min.

Using 4–15% Criterion™ TGX Stain-Free™ Protein Gels (#567-8084, Bio-Rad), we separated 15 μg of 
the lysate for each cell sample. The total protein profiles of the samples were then visualized using a Bio-Rad 
ChemiDoc MP imager within a few minutes after the completion of electrophoresis to check for protein sample 
and separation quality (Supplementary Fig. 2A). After visualization and image acquisition, UV activation of the 
bands was performed using the ChemiDoc MP system. Gels were split into individual lines, each containing 
separated proteins (from 10 to 250 kDa). Individual lines were then placed in vials containing 10 mL of dis-
tilled water. Next, the water solution and lines of gel were homogenized and consequently sonicated in an ultra-
sonic bath (Sonorex, Germany) for 20 min at 4 °C. Samples were then centrifuged at 6500xg (room temperature) 
and supernatants, filtered on a 0.2 mm PTFE microfilter were collected. A small volume of the supernatant was 
used to determine the total amount of proteins by the Bradford method (Supplementary Fig. 2B). Next, 1 mL of 
supernatant (i.e. 10% of the total) was incubated with antibody-coated magnetic particles that were prepared as 
described below.

We bound undiluted anti-M1-5 antibodies (1 µL, Alomone) to functionalized magnetic particles (Dynabeads® 
M-280, Tosyl-activated superparamagnetic polystyrene) for immunoaffinity capture. Protein standards for the 
M1-M5 receptors were provided by Alomone, Israel and were used as calibration controls in the matrix-assisted 
laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry analysis.

Immunomagnetic isolation followed by MALDI-TOF MS analysis.  We followed our previously 
published protocol63 with the antibodies detailed below. Candidate muscarinic receptors were isolated by using 
polyclonal affinity-purified antibodies purchased from Alomone Labs (as described above). The MALDI matrix 
1,2-dimethoxy-4-hydroxycinnamic (sinapinic acid) and other chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) and chemical solvents were purchased from Merck (Darmstadt, Germany).

The following buffers were used during the isolation procedure:

•	 Buffer A: 0.1 M sodium-phosphate buffer pH 7.4
•	 Buffer B: Phosphate-buffered saline (PBS) pH 7.4 with 0.1% (w/v) bovine serum albumin (BSA)
•	 Buffer C: 0.2 M Tris pH 8.5 with 0.1% (w/v) BSA;
•	 Buffer D: 100 mM glycine (pH 2.5)
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Dynabeads M-280, tosyl-activated superparamagnetic polystyrene beads coated with polyurethane, were 
washed twice in Buffer A to remove sodium azide (NaN3) using magnetic particle concentrator following the 
manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA, USA). The above-listed antibodies (1 µL each) 
were dissolved in 100 µL of Buffer A and added to 100 µL suspension of Dynabeads, mixed for 1 min, followed 
by 24-hour incubation at 37 °C with mixing. Then, the supernatant was removed and the particles were washed 
twice with Buffer B (500 µL) at 4 °C. Free tosyl groups on the beads were blocked with Buffer C (500 µL; 4 h, 37 °C), 
followed by washing with Buffer B (500 µL; 5 min, 4 °C). Each individual preparation of the antibody-coated 
magnetic beads was resuspended in a 1 mL of supernatant and incubated with shaking for 1 h at 37 °C. The super-
natants were then removed and the beads were washed five times with Buffer B (500 µL; 4 °C, 5 min, vortexing). 
The captured antigens were eluted with Buffer D (50 µL; 4 °C, 1 min, vortexing) and the beads were magnetically 
separated. The eluates were desalted using C18 ZipTip (EMD Millipore, Billerica, MA, USA) before analysis by 
matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS).

MALDI-TOF MS analysis.  MALDI-TOF MS data were acquired on Autoflex mass spectrometer (Bruker 
Daltonics, Germany) with MALDI sample target (600 µm Chip™; Bruker Daltonics). Ionization was achieved by 
irradiation with a nitrogen laser (337 nm) operating at 4 Hz. Ions were accelerated at 20 kV with 250 ns of pulsed 
ion extraction delay. Freshly prepared 1,2-dimethoxy-4-hydroxycinnamic acid was used as matrix (10 mg/mL) 
in 50% acetonitrile 0.1% (v/v) of trifluoroacetic acid. The instrument’s parameters and laser energy were kept 
constant during a series of experiments performed on the same day for the comparison of intensity values (cps).

First, we obtained MS spectra of standard receptor proteins. The areas under the peak of interest were used 
to construct calibration curves, allowing later on the quantification of receptors in our samples. The protonated 
molecular ion peak (MH+) for each protein was detectable to a sub-pmol level with a signal-to-noise ratio >50. 
This detection limit was comparable with immunochemical assays.

The MS spectra obtained with our samples showed the MH+peaks at the expected m/z values, matching those 
observed with the standard proteins. The areas under the peak were then normalized against those interpolated 
from the calibration curves. The MALDI-TOF MS is a semiquantitative method; however, using rigorous sample 
preparation and data acquisition method, the intensity of the MH+peak(s) increased linearly with increasing 
quantities of each protein from nanomolar to picomolar ranges. Therefore, in this concentration range, the eval-
uations of protein biomarkers can be considered quantitative63.

Intracellular calcium imaging measurements.  Fura-2 AM-based Ca2+ imaging experiments were per-
formed on brain microvascular endothelial cells as previously described62. Measurements were performed using 
a cooled CCD camera (Clara, Andor, Northern Ireland) and a Polychrome V monochromator (Till Photonics, 
Germany) coupled to a SliceScope (Scientifica, UK) upright fluorescence microscope with a 40x-water immer-
sion objective (Olympus, Japan). Data acquisition was performed using Live Acquisition imaging software (Till 
Photonics, Germany), and calcium changes were determined based on the intensity ratio (R = I340nm/I380nm). 
Ratios were calculated for each cell in the microscope field and were based on individually defined regions of 
interest after background subtraction. Calcium imaging data were analyzed using Offline Analysis software (Till 
Photonics, Germany) and are plotted as the mean fluorescence ratio amplitude (ΔR = R − R0, where R0 represents 
the calcium signals recorded in unstimulated cells) ± SEM.

Solutions were delivered to brain endothelial cells through a 100 µm quartz perfusion head using an 8-channel 
valve pressurized system (ALA Scientific Instruments, USA). The Ringer’s solution contained (in mM) 140 NaCl, 
5.6 KCl, 2 MgCl2, 2 CaCl2, 10 glucose, 10 HEPES (pH 7.4, adjusted with NaOH). Fura-2 acetoxymethyl ester 
(Fura-2 AM) and pluronic acid were purchased from Life Technologies, USA, and all common salts were from 
Sigma-Aldrich, Milan, Italy. Cytosolic Ca2+ transients resulting from the activation of muscarinic acetylcholine 
receptors were elicited by a 20-s pulse of 1 µM acetylcholine chloride (ACh, Sigma) application. The reproducibil-
ity of the effect of ACh was tested via a double-pulse protocol, with a 10-minute between-pulse Ringer’s washout 
period. In some experiments, we replaced the first pulse of ACh with a pulse of either (±)-muscarine chloride 
hydrate (#M104, Sigma) or (−)-nicotine hydrogen tartrate salt (#SML1236, Sigma) at previously described con-
centrations (100 µM and 300 µM, respectively)51, 63, followed by the second pulse (1 µM ACh) after a 10-min 
recovery period. Dose-response curves for the mAChR antagonists were obtained by preceding the second 
ACh pulse with a 2-min application of the antagonist. The following antagonists were used: J104129 fumarate 
(M3 antagonist, Tocris Bioscience, USA), VU 0255035 (selective M1 antagonist, Tocris Biosciences), 4-DAMP 
(1,1-dimethyl-4-diphenylacetyl piperidinium iodide; M3 antagonist, Sigma), and telenzepine dihydrochloride 
hydrate (M1 antagonist, Sigma). We also tested the effect of AC-42 (#SML0787, Sigma), a selective allosteric 
M1 agonist, with the EC50 = 29 nM (based on a Receptor Selection and Amplification Assays) for M1 and with-
out any effect on M2-M5

56. AC-42 was applied at its maximal activation concentration, based on the previously 
determined EC50 value of 0.2 µM evaluated by a calcium mobilization assay39. Moreover, we have tested the effect 
of the muscarinic toxin MT-7 (Smartox Biotechnology, France) at its saturation concentration, as previously 
described55, considering its high affinity for the M1 receptor, i.e. ki = 0.2 nM for M1 and ki > 2000 nM for M2-M5

55.

Homology modeling and molecular docking.  The eucaryotic sequences were downloaded from the 
Pfam database (10.1093/nar/gkv1344), and the conservation of the residues were calculated as a percentage 
(X/P)*100, where X is the residue and P the length of the multiple sequence alignment. Since mouse M1-M5 
lack structural information, homology modeling was carried out to predict their 3D structures. The sequences 
were retrieved from the Uniprot database, and the models were generated through the GOMoDo web-server64. 
To enforce the conserved structural fingerprints of class A (rhodopsin-like) GPCRs65, all sequence alignments 
between targets and templates (illustrated in detail in Supplementary Table 2) were verified manually. The 3D 
structures obtained in the homology modeling step were used to perform virtual docking studies using the 
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HADDOCK docking program66 through the GOMoDo web-server. We used the GPCRdb generic number posi-
tion67, which generalizes the classical Ballesteros-Weinstein numbering. Residues in positions 3.32, 3.33, 3.36, 
3.37, 4.57, 5.39, 5.42, 6.48, 6.51, 7.39, and 7.43 were considered as ‘Active Residues’ to guide the docking. These 
residues have already been characterized as being involved in agonist/antagonist binding33, 43. The structures of 
the four antagonists were downloaded from the ZINC database68, and were parametrized with ACPYPE69. The 
docking protocol included three stages: (a) a rigid-body energy minimization, (b) a semi-flexible refinement in 
torsion angle space, and (c) a final refinement in an explicit solvent. We chose 1000 structures for the first step and 
200 structures for the second and third docking steps, using default parameters. We selected the best structure for 
each docking as the one corresponding to the most populated cluster with the lowest energy value. Figures were 
generated with Chimera70.

Data analysis.  Quantitative RT-PCR data were obtained by normalizing Chrm1-Chrm5 mRNA levels to 
those of Gapdh and Actb using the 2(-Delta C(T)) method, as previously described71. The results were expressed 
as log10-fold changes due to their extended scale distribution and were plotted as the mean ± SD.

The Hill formalism37 was used to fit both the ACh concentration–response and the inhibition curves deter-
mined via calcium imaging recordings from BMVECs and bEnd.3 cells. For the concentration-response curves, 
the following equation was used:

∆ ∆ = +α α αCR/ R /(C EC ) (1)max 50

C corresponds to the agonist concentration, ΔRmax is the amplitude ratio for the maximal response to 10 µM 
ACh, EC50 is the concentration of agonist required to elicit a half-maximal response, and α is the Hill coefficient 
describing cooperativity and mAChR receptor occupancy37. Inhibition curves resulting from the calcium imaging 
data analysis were fitted with the following equation:

∆ ∆ = + − +α α αR/ R 1 (X 1)C /(C IC ) (2)max 50

IC50 is the antagonist concentration required to reduce the agonist response by 50%, C is the agonist concen-
tration (1 µM), α is the Hill coefficient. In equations (1) and (2) a Hill coefficient value of 1 indicates that only one 
molecule of agonist/antagonist is activating/inhibiting one receptor). X = 0 for telenzepine, J104129 fumarate and 
4-DAMP, and X = the fitting parameter for VU 0255035.

The apparent dissociation constant was calculated using the Cheng–Prusoff equation, as follows:

= +K IC /(1 C/EC ) (3)a 50 50

Protein abundance was determined in the MALDI/TOF MS analysis, as described previously72. Briefly, the 
area under the curve of the most abundant mass band(peak) for each protein standard or sample was calculated 
in series of ten repetitions, and the computed average was used to determine the concentration of each muscarinic 
receptor protein. The mass band (peak) identification and quantification of each muscarinic receptor protein in 
our samples was determined in relation to the protein standard peak. Next, protein contents for each muscarinic 
receptor were normalized to the total amount of proteins in the sample.

Statistical analyses comparing the expression of the 5 receptor subtypes were carried out as follows. Differences 
in mRNA expression based on RT-PCR data were analyzed with one-way ANOVA (according to Yuan and col-
leagues73) followed by post-hoc Bonferroni tests. Protein quantification based on MALDI-TOF data were analyzed 
with one-way ANOVA followed by post-hoc Holm-Sidak 2 test. Analysis and data plotting were performed using 
OriginPro 8 (OriginLab Corporation, USA) and GraphPad Prism version 7.00 (GraphPad Software, La Jolla 
California USA).

Data availability.  The authors declare that all data supporting the findings of this study are available within 
the article and its Supplementary Information files or from the corresponding author upon reasonable request. 
The authors grant permission to Nature Publishing Group, a division of Macmillan Publishers Ltd, to publish all 
the images contained in the manuscript, under an Open Access license.
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