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Abbreviations 32 

ACh, acetylcholine; AKAP150, A kinase anchor protein 150; AT, atropine; C, catalytic 33 

subunit; cAMP, cyclic adenosine monophosphate; co-IP, co-immunoprecipitation; 34 

CREB, cAMP response element-binding; Cα, catalytic subunit isoform α; Cβ, catalytic 35 

subunit isoform β; ExS, extrasynaptic region; H-89, N-[2-((p-36 

bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide 2 HCl; HRP, horseradish 37 

peroxidase; KO, Knockout; M1, muscarinic acetylcholine receptor 1 subtype; M2, 38 

muscarinic acetylcholine receptor 2 subtype; mAChR, muscarinic acetylcholine 39 

receptor; MET, methoctramine; nAChR, nicotinic acetylcholine receptor; NMJ, 40 

neuromuscular junction; PBS, phosphate buffered saline; PIR, pirenzepine; PKA, protein 41 

kinase A; PKC, protein kinase C; R, regulatory subunit; RIα, regulatory type I subunit 42 

α; RIβ, regulatory type I subunit β; RIIα, regulatory type II subunit α; RIIβ, regulatory 43 

type II subunit β; SEM, standard error of the mean; SNAP-25, synaptosome-associated 44 

protein 25; Stx, syntaxin; Syn, synaptic region.  45 
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ABSTRACT 46 

M1 and M2 presynaptic muscarinic receptor subtypes increase and decrease, 47 

respectively, neurotransmitter release at neuromuscular junctions. M2 involves protein 48 

kinase A (PKA), although the muscarinic regulation to form and inactivate the PKA 49 

holoenzyme is unknown. Here, we show that M2 signaling inhibits PKA by 50 

downregulating Cβ subunit, upregulating RIIα/β and liberating RIβ and RIIα to the 51 

cytosol. This promotes PKA holoenzyme formation and reduces the phosphorylation of 52 

the transmitter release target SNAP-25 and the gene regulator CREB. Instead, M1 53 

signaling, which is downregulated by M2, opposes to M2 by recruiting R subunits to the 54 

membrane. The M1 and M2 reciprocal actions are performed through the anchoring 55 

protein AKAP150 as a common node. Interestingly, M2 modulation on protein expression 56 

needs M1 signaling. Altogether, these results describe the dynamics of PKA subunits upon  57 

M2 muscarinic signaling in basal and under presynaptic nerve activity, uncover a specific 58 

involvement of the M1 receptor and reveal the M1/M2 balance to activate PKA to regulate 59 

neurotransmission. This provides a molecular mechanism to the PKA holoenzyme 60 

formation and inactivation which could be general to other synapses and cellular models. 61 

 62 

Keywords 63 
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INTRODUCTION 66 

Synapses use plastic mechanisms to adjust the strength of the neurotransmitter 67 

release to any situation. At the neuromuscular junction (NMJ), muscarinic acetylcholine 68 

receptors (mAChR) participate in synaptic plasticity as presynaptic autoreceptors sensing 69 

and controlling the release of ACh (1–4). The five subtypes of mAChR are classified by 70 

their downstream signaling pathway. M1, M3 and M5 use the protein Gαq/11 to activate 71 

phospholipase C and protein kinase C (PKC), whereas M2 and M4 use Gαi/0 to inhibit 72 

adenylyl cyclase and protein kinase A (PKA) (5). Even though mammalian NMJ express 73 

all five mAChR subtypes (6), evidence shows that in the adult synapse mainly M1 and M2 74 

orchestrate the muscarinic signaling, M1 increasing ACh release whereas M2 decreasing 75 

it (1, 4, 7).  76 

The PKA pathway has been extensively implicated in synaptic plasticity (8, 9), 77 

facilitating the probability of release at many synapses (10–14). This includes the NMJ, 78 

where PKA constitutively promotes normal ACh release (15, 16). In part, PKA could 79 

enhance the release by phosphorylating the synaptosome-associated protein-25 (SNAP-80 

25) at Thr138 (17, 18), which has never been investigated at the NMJ. SNAP-25 81 

phosphorylation by PKA is necessary to maintain the release-ready and primed pool of 82 

vesicles (19). Thus, the PKA phosphorylation of SNAP-25 could be responsible for some 83 

effects of muscarinic signaling. In addition, mAChR-PKA role in synaptic plasticity 84 

could also be transduced through the cyclic adenosine monophosphate (cAMP) response 85 

element binding protein (CREB), a master regulator of gene expression, whose activity 86 

has been linked to synaptic plasticity at the NMJ as well as in the central nervous system 87 

(20, 21). 88 

PKA exists as an inactive tetramer formed by two regulatory (R) and two catalytic 89 

(C) subunits which interact among a pseudosubstrate domain. When cAMP binds to the 90 

R subunits, the C subunits are liberated and their catalytic activity starts (22–24). Murine 91 

models express four R subunit isoforms (RIα, RIβ, RIIα, RIIβ) and two C subunit 92 

isoforms (Cα, Cβ); whereas the Cγ gene is only found in primates (25, 26). Cα and Cβ 93 

subunits display essentially the same activation properties whereas RIβ-containing 94 

holoenzymes show increased sensitivity to cAMP-evoked activation than RIα-containing 95 

holoenzymes (27). Also, although RII holoenzymes seem more prone to dissociate than 96 
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RI, probably due to structural differences, RI are more efficient than RII in inducing 97 

CREB response regardless of the C subunit (28–30). 98 

R subunits are differently expressed across tissues and exert distinct roles in cell 99 

differentiation and growth control (31, 32). RIα and RIIα are widely expressed, RIβ is 100 

highly expressed in the nervous tissue and RIIβ in the adipose and hepatic tissues (31–101 

34). Moreover, few studies have located RIα, RIIα and RIIβ at the synaptic area of the 102 

skeletal muscle (35–37). Besides cAMP activation and tissue expression, PKA is also 103 

regulated by subcellular targeting (38, 39). In particular, the translocation between cytosol 104 

and membrane of both PKA C (40) and R subunits (41, 42) regulates their activity. When 105 

inactive, most PKA are anchored by binding R subunits to scaffold proteins called A-106 

kinase anchoring proteins (AKAPs). These AKAPs contribute to PKA specificity by 107 

recruiting the PKA holoenzyme to distinct subcellular compartments near specific 108 

substrates (43–45). R subunits differ in their subcellular localization, RI being found 109 

mainly in the cytosol, whereas RII to the particulate fraction, associated to the nuclei, 110 

nucleoli, Golgi complex and microtubules (33, 46). Additionally, PKA can also be 111 

regulated by changes in its concentration through synthesis and degradation (47, 48) and 112 

by crosstalk with the PKC pathway at the NMJ (16) as well as in other systems (47, 49–113 

51) although the molecular signaling involved is unknown.  114 

The present work characterizes at the NMJ how M1 and M2 muscarinic signaling 115 

regulates the protein expression, subcellular distribution and membrane-cytosol 116 

translocation of specific PKA subunits and whether this regulation extends to the 117 

phosphorylation of its targets SNAP-25 and CREB. The main results show that M2 118 

receptor reduces the Cβ protein level and increases the expression and liberation of R 119 

subunits to the cytosol, resulting in the decrease of CREB and SNAP-25 phosphorylation. 120 

The downregulation of Cβ also occurs under presynaptic nerve activity. Moreover, a 121 

balance M1/M2 in the regulation of the PKA is evidenced as some M2-induced changes 122 

need the cooperation of M1 receptor and also because M1 receptor produces several 123 

changes which oppose to M2 like recruiting RIα, RIβ and RIIα to the membrane fraction. 124 

Therefore, here we show that M1 and M2 muscarinic receptors cooperate at the NMJ to 125 

regulate the PKA subunit expression, translocation and activity on SNAP-25 and CREB 126 

phosphorylation. This would be relevant to better understand the molecular regulation of 127 
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mAChR-PKA signaling over the neurotransmitter release and synaptic plasticity 128 

mechanisms. 129 

MATERIALS AND METHODS 130 

Animal care 131 

The animals were cared for in accordance with the European Community Council 132 

Directive guidelines for the humane treatment of laboratory animals. Adult Sprague-133 

Dawley rats (40-80 days; Criffa, Barcelona, Spain; RRID:RGD_5508397) were 134 

euthanized for tissue harvest and analysis. At least three animals (n≥3) were used as 135 

biological replicates for every experiment detailed below. All animal work was approved 136 

by the Ethics Comitee of Animal Experimentation of the Universitat Rovira i Virgili. 137 

 138 

Antibodies 139 

The antibodies used for Western blotting and their dilution are listed in Table 1. 140 

These antibodies presented bands of the predicted molecular weight without near 141 

prominent unspecific bands. The anti-M1 and anti-M2 antibodies were tested by 142 

subcellular fractionation and antigen preincubation. The corresponding bands of these 143 

GPCRs were enriched in the membrane fraction, absent in the cytosolic fraction and 144 

antigen preincubation strongly reduced them. The specificity of anti-SNAP-25 antibody 145 

was carefully determined in Simó et al., 2019 and we tested the recognition of its cAMP-146 

dependent phosphorylation by anti-pSNAP-25 Thr138 antibody with H-89. 147 

Knock-out cell lines 148 

Anti-PKA antibodies were validated against knockout lysates to guarantee 149 

discrimination between isoforms. We used the following CRISPR/Cas-9 knockout 150 

controls: Cα knockout 293T cell lysate (#NBP2-65840), Cβ knockout HeLa cell lysate 151 

(#NBP2-64806), RIα knockout 293T cell lysate (#NBP2-65698) and RIIα knockout HeLa 152 

cell lysate (#NBP2-65316).  153 

  154 
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Chemicals 155 

Muscarinic inhibition. Pirenzepine dihydrochloride (Tocris): 10 mM stock and 156 

used at 10 μM. Methoctramine tetrahydrochloride (Sigma): 1 mM stock and used at 1 157 

μM. Atropine (Sigma): 200 μM stock and used at 2 μM (1). 158 

PKA inhibition. PKA activity was blocked with N-[2-((p-159 

Bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide dihydrochloride (H-89, 160 

Calbiochem). H-89 was made as 5 mM stock and used at 5 μM. 161 

In the experiments involving nerve stimulation treatment, muscle contraction was 162 

blocked using μ-conotoxin GIIIB (#C-270, Alomone Labs Ltd, Jerusalem, Israel). This 163 

toxin selectively inhibits sarcolemmal voltage-dependent sodium channels (VDSCs) 164 

without affecting synaptic ACh release and has been used extensively for 165 

electrophysiology studies at the diaphragm (16, 53–55). It was supplied as lyophilised 166 

powder of >99% purity and used at 1.5 μM. 167 

All chemicals were diluted in Ringer’s solution and both control and drug-168 

containing solutions contained 0.1% dimethyl sulfoxide (DMSO) as the vehicle.  169 

Tissue dissection and treatment 170 

Diaphragm muscles from adult Sprague-Dawley rats was dissected with special 171 

care to preserve phrenic nerve connectivity. Isolated nerve-muscle preparations were 172 

immersed in Ringer’s solution (mM: NaCl 137, KCl 5, CaCl2 2, MgSO4 1, NaH2PO4 1, 173 

NaHCO3 12, glucose 12.1 and DMSO 0.1%), oxygenated with O2:CO2 (95:5) and 174 

maintained at 26ºC.  175 

All treatments were performed ex-vivo on excised diaphragm muscles. The 176 

experimental design was pairwise: one hemidiaphragm underwent the treatment while the 177 

other served as its paired untreated control. Single-inhibitor treatments were applied for 178 

60 minutes, a period which allows the comparison with previous studies in the same 179 

model (52, 56, 57). Double-inhibitor treatments were performed to study the implication 180 

of PKA in muscarinic signaling. In these, the treated hemidiaphragms were first 181 

preincubated for 30 minutes in Ringer solution containing H-89 and afterwards for further 182 

30 minutes in Ringer solution containing H-89 plus the muscarinic inhibitor specified. 183 
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The controls of the doubly inhibited preparations were incubated for 60 minutes in Ringer 184 

solution containing H-89 to discard the effects of the PKA inhibitor. 185 

Phrenic nerve stimulation 186 

In some experiments, we studied the muscarinic signaling under the presence of 187 

centrifugal input i.e. with phrenic nerve stimulation (previously described in (58)). In 188 

these experiments, the diaphragm was stimulated through the phrenic nerve with a pulse 189 

generator (CIBERTEC Stimulator CS 20) linked to a stimulus isolation unit (CIBERTEC 190 

ISU 165). Visible contractions served to verify successful nerve dissection before 191 

applying the contraction blocker μ-conotoxin GIIIB. After the preincubation of μ-192 

conotoxin GIIIB (30 minutes), phrenic nerves were stimulated at 1 Hz for 30 minutes, a 193 

protocol which allows the maintenance of tonic functions without depleting synaptic 194 

vesicles. To study muscarinic signaling, treated hemidiaphragm preparations contained 195 

muscarinic inhibitors during the preincubation and stimulation whereas control 196 

preparations did not contain muscarinic inhibitors. 197 

Sample processing and fractionation 198 

Whole cell lysates. After being treated as indicated, the muscles were immediately 199 

frozen in liquid nitrogen. Homogenization was performed with an overhead stirrer (VWR 200 

International, Clarksburg, MD) in ice-cold lysis buffer (in mM: NaCl 150, Tris-HCl 50 201 

(pH 7.4), EDTA 1, NaF 50, PMSF 1, Na3VO4 1; NP-40 1%, Triton X-100 0.1% and 202 

protease inhibitor cocktail 1% (Sigma, Saint Louis, MO, USA)). Insoluble materials were 203 

removed with two centrifugations at 4ºC: 1000g for 10 minutes and 15000g for 20 204 

minutes. The final supernatant contained the whole cell fraction lysate. 205 

Membrane/cytosol fractionated lysates. Unlike whole cell lysates, for membrane-206 

cytosol fractionation, we homogenized the samples immediately after treatment (without 207 

a freezing step) and with a detergent-free lysis buffer (in mM: NaCl 150, Tris-HCl 50 (pH 208 

7.4), EDTA 1, NaF 50, PMSF 1, Na3VO4 1; and protease inhibitor cocktail 1%). Insoluble 209 

materials were removed by centrifugation at 1000g for 15 minutes at 4ºC. The resulting 210 

supernatant was further centrifuged at 130000g for 1 hour. The new supernatant 211 

corresponded to the cytosolic fraction while the pellet to the membrane fraction. The latter 212 

was resuspended in detergent-containing lysis buffer (see above). The purity of the 213 
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subcellular fractionation was validated by Western blotting of the fraction-specific 214 

proteins GAPDH for cytosol and Na+/K+-ATPase for membrane. 215 

Synaptic/Extrasynaptic fractionated lysates. After treating the muscles, we 216 

separated the synaptic and extra-synaptic regions as indicated in Figure 6A and previously 217 

stated (59). We performed control experiments to check that our separation protocol was 218 

accurate by incubating some diaphragms with TRITC conjugated α-bungarotoxin and 219 

staining the nerves with an antibody against antineurofilament-200. We did not detect any 220 

nerve nor postsynaptic area in the extra-synaptic region. Once separated, synaptic and 221 

extra-synaptic regions were processed equally.  222 

 223 

Western blotting 224 

The protein content of the samples was determined by the DC protein assay (Bio-225 

Rad, CA, USA). Sample volumes containing 30 μg of protein were loaded in an 8% SDS-226 

PAGE gel (10% to detect SNAP-25), separated for 10 min at 90V and 60 min at 110V, 227 

and electrotransferred to PVDF membranes (Bio-Rad, CA, USA). Blocking solutions 228 

were TBST containing 5% nonfat dry milk or 5% BSA. The primary antibodies were 229 

incubated overnight at 4°C and the HRP-conjugated secondary antibodies for 1 hour. 230 

Chemiluminescence was revealed with an ECL kit (GE Healthcare Life Sciences, UK) 231 

and imagined with the ChemiDoc XRS+ Imaging System (Bio-Rad, CA, USA). 232 

ImageJ software was used to calculate the optical density of the bands, always 233 

from the same immunoblot image. The values were normalized to (1) the background 234 

values and (2) the total protein transferred on the PVDF membranes, analyzed with Sypro 235 

Ruby protein blot stain, (Bio-Rad, CA, USA) (60). Ratios between the experimental and 236 

control were calculated from the same membrane image. All presented data derive from 237 

densitometry measurements made of 3-10 separate replicates, plotted against controls. 238 

For Western blot desing no blinding was performed. Data quantification was performed 239 

blindly. 240 

Immunohistochemistry 241 

The PKA C  subunit was localized at the NMJ of diaphragm and levator auris 242 

longus (LAL) muscles by immunohistochemistry with identical results. The thinness of 243 
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LAL muscles improved the imaging and analysis of NMJs. Whole muscle mounts were 244 

fixed with 4% paraformaldehyde for 30 minutes. After fixation, the muscles were rinsed 245 

with PBS and incubated in 0.1 M glycine in PBS. Afterwards, PBS supplemented with 246 

1% Triton X-100 and 4% BSA was used for permeabilization and blockade of nonspecific 247 

binding. Then, muscles were incubated overnight at 4°C in a mixture of primary 248 

antibodies raised in different species (anti-C  subunit and anti-S100 to label Schwann 249 

cells) and then rinsed. The muscles were then incubated for four hours at room 250 

temperature in a mixture of appropriate secondary antibodies. AChRs were detected with 251 

α-BTX conjugated with TRITC. At least three muscles were used as negative controls 252 

and no cross-reaction was detected between antibodies. In some muscles, plastic 253 

embedded semithin sections (0.5 μm) were obtained for high-resolution 254 

immunofluorescence analysis of the neuromuscular junction molecules as previously 255 

described (61). Immunolabelled NMJs from the whole-mount muscles were viewed with 256 

a laser-scanning confocal microscope (Nikon TE2000-E). Special consideration was 257 

given to the possible contamination of one channel by another. In experiments involving 258 

negative controls, the photomultiplier tube gains and black levels were identical to those 259 

used for a labelled preparation made in parallel with the control preparations. Images 260 

were assembled using Adobe Photoshop software (Adobe Systems, San Jose, CA) and 261 

neither the contrast nor brightness were modified. 262 

Co-Immunoprecipitation 263 

Co-immunoprecipitation was performed with the Pierce Co-IP kit (Thermo 264 

Scientific, USA). Briefly, 5 μg of antibody were crosslinked to cyanogen bromide-265 

activated resin with sodium cyanoborohydride (NaBH3CN) for 1.5 hours. Afterwards, the 266 

beads were quenched with 1M Tris-HCl supplemented with NaBH3CN and washed 267 

multiple times to remove non-bound antibodies. Sample volumes were normalized to 268 

contain 250 μg of protein and were immobilized to the appropriate antibody-resin with a 269 

gentile end-over-end mixing overnight at 4ºC. Non-bound proteins were discarded 270 

through multiple washing steps and bait-prey complexes were eluted with a low-pH 271 

elution buffer and immediately neutralized 1M Tris pH 9.5. In parallel, we performed 272 

mock co-IPs to control antibody fragment co-elution (using PBS instead of sample) and 273 

to control unspecific protein binding to the beads (using PBS instead of antibody). The 274 

eluted complexes were evaluated by SDS-PAGE and Western blotting. None of the 275 
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negative controls showed immunoreactivity (see Results). The used antibodies (anti-Cα, 276 

anti-Cβ and anti-RIβ) were suitable for IP according to the manufacturer and did not 277 

interfere with bait-prey interaction as they were raised against the C-terminal tail of the 278 

proteins, which does not participate in R-C subunit interaction. 279 

Statistical analysis 280 

The sample size was calculated as described in (62). All experiments were carried 281 

out at least in triplicate and are representative of at least three separate experiments. The 282 

results are presented as ratios or percentages of treatment to control (mean ± SEM). 283 

Shapiro-Wilk test was used to test sample normality. Paired Student t-test or its non-284 

parametric alternative Wilcoxon test were used to determine the statistical significance of 285 

the ratios (considered as p-value <0.05). The calculations were elaborated using R 3.4.3 286 

statistical package.  287 

288 
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RESULTS 289 

M2 inhibits M1 protein levels 290 

To study the interplay between mAChR subtypes, we asked whether the inhibition 291 

of M1 and M2 affected their own and mutual expression. Selective muscarinic inhibition 292 

was carried out with the M1-inhibitor pirenzepine (PIR), the M2-inhibitor methoctramine 293 

(MET) and the M1/M2 pan-inhibitor atropine (AT). Figure 1A shows that M1 blockade 294 

did not affect the protein levels of any receptor (M1: 0.8±0.1; M2: 1.0±0.2). On the 295 

contrary, M2 blockade increased the levels of M1 receptor (1.7±0.2) without altering the 296 

own M2 (1.0±0.1). This indicates that M2 signaling constitutively reduces M1 levels. 297 

Additionally, M1/M2 inhibition (AT) did not modify any receptor (M1: 0.8±0.1; M2: 298 

1.0±0.1). The difference between the effects of MET and AT suggests that M2 blockade 299 

needs M1 mAChR activity. We also identified this M2 regulation pattern dependent of M1 300 

active in other findings of this work involving PKA subunits regulation (see the following 301 

sections).  302 

 303 

Muscarinic modulation of PKA catalytic and regulatory subunits protein levels. 304 

To study the protein levels of the PKA C and R subunits, we selected the 305 

antibodies which showed high specificity for the corresponding protein at the predicted 306 

molecular weight (in kDa): Cα 40, Cβ 40, RIα 48, RIβ 51, RIIα 50 and RIIβ 53 in the rat 307 

diaphragm (Figure 2A–B) (63, 64). Antibody specificity was validated through knockout 308 

cell lysates (Figure 2A). The anti-Cα antibody was reactive against the control and Cβ-309 

KO lysates but negative against the Cα-KO. Inversely, anti-Cβ antibody was reactive 310 

against the control and Cα-KO lysates but negative against the Cβ-KO. This confirmed 311 

that anti-Cα and -Cβ antibodies do not cross-react between C subunits. Regarding the 312 

anti-RIα and -RIIα antibodies, their ~50 kDa band was positive in the control, abolished 313 

in their respective KO cells and unaffected by the KO of the other R subunit. To our 314 

knowledge, no RIβ-KO and RIIβ-KO cells are commercially available to perform a 315 

similar validation on the corresponding antibodies. Alternatively, antibodies can be 316 

validated with cell lines which do not express the target protein. We found no detectable 317 

levels of RIβ and RIIβ in the 293T and HeLa cell lysates, consistent with reports of no 318 
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detectable expression in these cell lines (28) and minimal expression in comparable 319 

human tissues (32). Furthermore, multiple sequence alignment with Clustal2.1 indicated 320 

that the antigens of anti-RIβ and -RIIβ antibodies are identical to the corresponding 321 

subunits and disparate from the other PKA subunits. Some anti-R antibodies showed an 322 

unspecific 30 kDa band which did not correspond to the predicted molecular weight and 323 

was not affected by any KO.  324 

Once the anti-PKA antibodies were validated, we studied whether muscarinic 325 

signaling regulates the protein levels of C and R subunits. M1 inhibition (Figure 2C) 326 

decreased the protein levels of the regulatory subunit RIIβ (0.6±0.1), without affecting 327 

any other PKA subunit (Cα 1.2±0.1; Cβ 1.1±0.1; RIα 1.0±0.1; RIβ 1.2±0.2 and RIIα 328 

1.3±0.1). This suggests that M1 pathway could constitutively reduce PKA activity through 329 

the increase of RIIβ levels. M2 inhibition (Figure 2D) caused a two-fold increase in Cβ 330 

(1.9±0.4) without altering Cα (1.2±0.1). In addition, M2 blockade decreased the 331 

regulatory subunits RIIα (0.7±0.1) and RIIβ (0.7±0.1), but not RIα or RIβ (respectively: 332 

1.0±0.02 and 1.1±0.2). The downregulation of Cβ and upregulation of RIIα and RIIβ is 333 

consistent with the well-known role of M2 signaling as inhibitor of PKA activity. M1/M2 334 

inhibition (Figure 2E) only reduced the protein levels of RIIβ (0.8±0.04), while the other 335 

subunits remained unchanged after the treatment (Cα: 1.1±0.1; Cβ: 1.0±0.1; RIα: 1.2±0.2; 336 

RIβ: 1.1±0.2 and RIIα: 1.0±0.1). RIIβ downregulation could be linked to the activity of 337 

both M1 and M2 subtypes, because their selective inhibition induced the same effect. 338 

Interestingly, the pan-inhibitor AT did not show the effect of MET on Cβ and RIIα. 339 

Similarly to the M1 downregulation, this is another node where M2 effect needs M1 active. 340 

Finally, we also studied wether the muscarinic modulation of catalytic subunits in 341 

presence of cholinergic input from phrenic nerve (Figure 1F). Similarly to basal 342 

conditions, Cα levels remained unchanged after any treatment. However, Cβ levels 343 

increased after M2 blockade (2.9±0.2) but not after M1 or M1/M2 inhibition (respectively: 344 

1.0±0.1; 1.2±0.1). 345 

In summary, both M1 and M2 receptors constitutively promote increased levels of 346 

RIIβ protein, which suggests some impairment of PKA activity. In comparison with M1, 347 

M2 would further reduce PKA activity by decreasing Cβ and increasing RIIα, actions 348 

which need the activity of M1.  349 

 350 
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Regulation of cytosol-membrane PKA subunits translocation by mAChR. 351 

Because neurotransmission relies on membrane trafficking and PKA action is 352 

regulated by subcellular distribution, we next examined how muscarinic signaling 353 

redistributes the PKA subunits between the membrane and cytosol fraction. Figure 3 354 

shows the percentage of each PKA subunit in the cytosol and membrane fraction before 355 

and after muscarinic blockade in the diaphragm muscle. Line plots represent the 356 

cytosol/total ratio (i.e. both control and treatment values defined as 100%) whereas bars 357 

represent the relative percentages (i.e. control defined as 100% and treatment calculated 358 

in relation to control); the last is only discussed when protein levels change. Additionally, 359 

all data were normalized to the total protein loaded. We used Na+/K+-ATPase and 360 

GAPDH as markers to confirm the purity of the subcellular fractionation. Na+/K+-ATPase 361 

and GAPDH were highly enriched in their fraction and essentially undetectable in the 362 

counter-wise. Both C subunits were predominantly located in the cytosol fraction (% 363 

cytosol/total: Cα 79.8±0.02; Cβ 78.7±1.6) although also identifiable in the membrane 364 

(Figures 3A–C). Muscarinic imbalance did not induce the translocation of any C subunit. 365 

Similarly, in basal conditions, all R subunits were predominantly found in the cytosol (% 366 

cytosol/total: RIα 74.7±3.2; RIβ 75.7±7.6; RIIα 57.8±4.4 and RIIβ 71.3±3.2; Figures 3A–367 

C). In line with previous studies, we found RII type subunits more linked to the membrane 368 

fraction than RI type (33, 46). Contrary to C subunits, muscarinic signaling modulated 369 

the location of R subunits. Particularly, M1 blockade translocated RIα, RIβ and RIIα from 370 

the membrane to the cytosol (% cytosol/total: RIα +7.4±2.7; RIβ +11.8±2.8; RIIα 371 

+11.9±4.8) (Figure 3A). Pirenzepine decreased RIIβ protein levels in the cytosol and 372 

membrane (% cytosol: –29.3±7.3; % membrane: –10.4±2.9) without changing the 373 

translocation ratio between these compartments (% cytosol/total –5.1±2.9). Conversely, 374 

M2 blockade translocated RIβ and RIIα from the cytosol to the membrane (% 375 

cytosol/total; RIβ –9.5±4.5; RIIα –30.4±6.0) without affecting RIα and RIIβ (% 376 

cytosol/total; RIα –2.9±2.4; RIIβ –4.5±3.4) (Figure 3B). The treatment with the pan-377 

inhibitor AT did not change any regulatory subunit position, suggesting that the 378 

operativity of both receptors is needed to accomplish the membrane-cytosol translocation 379 

events (Figure 3C). 380 

After determining that muscarinic imbalance affects the association of PKA to the 381 

cytosol and membrane compartments, we wondered whether their anchor protein 382 
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AKAP150 could be involved because it participates in neuronal processes and muscarinic 383 

signaling (65). We used an anti-AKAP150 antibody which reacted with a unique band of 384 

the predicted 150 kDa molecular weight (Figure 4A). This antibody was raised against 385 

the peptide sequence corresponding to the amino acids 428–449 of rat AKAP150. 386 

Blasting this sequence against a rat database showed 100% identity with AKAP150 387 

(Uniprot sequence P24587) whereas the other hits presented gaps, less than 60% identity 388 

and their molecular weight did not correspond to the observed band (40-86 kDa versus 389 

the observed 150 kDa). In the total fraction (Figure 4B), M1 inhibition decreased 390 

AKAP150 protein levels (0.3±0.1) whereas M2 inhibition increased them (1.4±0.2). 391 

Probably due to their balance, M1/M2 inhibition did not induce any change (1.1±0.2). 392 

When analyzing membrane and cytosol fractions, we found that AKAP150 is majorly 393 

located in the membrane in basal conditions (membrane/total: AKAP150 88.2%±6.3) 394 

(Figure 4C). In concordance with the previous results, the pirenzepine-induced decrease 395 

of RIα, RIβ and RIIα in the membrane fraction was accompanied by a significant decrease 396 

in its anchoring protein AKAP150 in the same fraction (% membrane: –67.1% ± 4.8). 397 

The methoctramine-induced increase in RIβ and RIIα protein levels in the membrane 398 

fraction was accompanied by a significant increase of AKAP150 in the same fraction (% 399 

membrane: +51.2±18.3). Finally, atropine did not change AKAP150 in the membrane 400 

fraction in concordance with the previous results in the total fraction (% membrane: 401 

+28.7±9.6).  402 

In summary, mAChRs modulate the cytosol-membrane translocation of PKA 403 

regulatory rather than catalytic subunits. The constitutive action of M1 receptor seems to 404 

recruit RIα, RIβ and RIIα to the membrane fraction whereas the constitutive effect of M2 405 

mAChR might inhibit the action of M1 and release RIβ and RIIα to the cytosol, increasing 406 

the probability to assemble the holoenzyme. This balance involves the anchoring protein 407 

AKAP150, whose levels are regulated to recruit PKA subunits or release them to the 408 

cytosol. 409 

 410 

M2 regulates the interaction between synaptic-enriched PKA subunits 411 

To further prove if the translocation of R subunits to the membrane was 412 

accompanied by a release of the cytosolic C subunits, we investigated their interaction 413 
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after M2 inhibition (Figure 5). Due to the wide cellular and tissue distribution of PKA 414 

subunits, we detected them in the synaptic (Syn) and extra-synaptic (ExS) regions (Figure 415 

5A). We studied Cα and Cβ and focused on their relation with RIβ because (1) its levels 416 

do not change after muscarinic inhibition, but (2) it translocates after treatment possibly 417 

modulating the cytosolic C subunits and (3) it is specifically expressed in the nervous 418 

system (31–34). Figure 5B shows that Cβ and RIβ are enriched in the synaptic area of 419 

non-treated diaphragms (Cβ: 1 Syn; 0.6±0.1 ExS; RIβ: 1 Syn; 0.4±0.03 ExS) while Cα 420 

was almost equally distributed between synaptic and extra-synaptic (Cα: 1 Syn; 421 

0.96±0.02 ExS). In concordance with the results in the total lysate (see Figure 2), the 422 

treatment with MET increased Cβ in both synaptic and extrasynaptic regions (Cβ: 423 

+0.2±0.2 Syn+MET; +0.2±0.1 ExS+MET) without changing RIβ (RIβ: –0.09±0.1 424 

Syn+MET; +0.01±0.1 ExS+MET). 425 

Next, to precisely locate Cβ in the NMJ, we used fluorescent 426 

immunohistochemistry and confocal microscopy. Plastic embedded semithin sections 427 

(0.5 μm) were used for high-resolution immunofluorescence analysis of neuromuscular 428 

junction molecules (61). Figure 5C shows a NMJ stained with triple labeling: Cβ in green, 429 

AChRs in red, Schwann cells (S100) in blue. The PKA Cβ subunit label is clearly present 430 

in granular form on the S100-positive teloglial cells. The muscle cell also presents a very 431 

faint general labeling on the sarcoplasm, which is higher in a band (arrow) around 2 μm 432 

below the AChR-delineated postsynaptic gutters. Also, remarkable Cβ labeling can be 433 

observed in the space occupied by the nerve terminal between the blue S100 positive 434 

Schwann cell and the red postsynaptic gutters (arrowhead). In conclusion, Cβ is present 435 

in the three cell components of the neuromuscular synapse. 436 

Co-immunoprecipitation of RIβ in the total lysate rescued both Cα and Cβ in the 437 

diaphragm at basal conditions, indicating that RIβ interacts with the two C subtypes 438 

(Figure 5D). Additionally, M2 inhibition with MET decreased the ability of RIβ antibody 439 

to rescue Cα and Cβ, indicating a weaker association between RIβ and Cα and Cβ. This 440 

is in concordance with M2 being a Gαi/0-coupled GPCR, whose inhibition increases 441 

cAMP and results in the disassembling of the PKA R:C holoenzyme. Because RIβ is 442 

enriched at the synaptic region of the diaphragm, neuronally expressed, and its interaction 443 

with C subunits is modulated by M2, RIβ is one potential mediator of M2 signaling to 444 
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modulate the PKA phosphorylation of SNAP-25 Thr138 (see next section) at nerve 445 

terminals of the NMJ. 446 

 447 

Muscarinic modulation of CREB and SNAP-25 phosphorylation by PKA. 448 

To complete the analysis of the mAChR-PKA coupling, we evaluated PKA 449 

activity after each mAChR subtype inhibition by determining the phosphorylation of the 450 

PKA substrates CREB and SNAP-25 (Figure 6A–F). CREB serine 133 (Ser133) is a well-451 

known PKA target that regulates gene transcription. SNAP-25 is a SNARE component 452 

that is crucial for neurotransmission and it is phosphorylated by PKA on threonine 138 453 

(Thr138).  454 

Figure 6A shows that M1 inhibition does not affect CREB protein level and 455 

phosphorylation (pCREB: 1.1±0.2; CREB: 0.8±0.1). On the contrary, M2 inhibition 456 

increased the phosphorylation of CREB (1.4±0.2) without altering its protein levels 457 

(0.9±0.1). This result indicates that M2 inhibits CREB phosphorylation, probably by 458 

reducing PKA phosphorylating activity. Additionally, the M1/M2 muscarinic inhibition 459 

did not affect CREB phosphorylation (pCREB: 0.8±0.2; CREB: 1.0±0.2) further 460 

indicating the need of the M1. Moreover, to ensure that muscarinic action on CREB is 461 

conveyed through PKA, we studied the effect of muscarinic inhibitors after PKA 462 

blockade with H-89. H-89 is a cell-permeable, potent and reversible ATP-competitive 463 

inhibitor of PKA (Ki = 48 nM). As expected, PKA downregulation with H-89 reduced 464 

phospho-CREB level (Figure 6B; pCREB: 0.7±0.1; CREB: 1.0±0.2). Figure 6C shows 465 

the previous incubation with H-89 abolishes the MET effect on pCREB (pCREB: 466 

1.2±0.2; CREB: 1.0±0.1). This demonstrates that M2 inhibition of pCREB requires PKA 467 

activity. Moreover, after PKA blockade, PIR continued without affecting pCREB 468 

(pCREB: 0.8±0.1; CREB: 1.1±0.2) and the same for AT (pCREB: 1.0±0.2; CREB: 469 

1.1±0.3), which indicates that the absence of M1 action on CREB is not modified by PKA 470 

blockade.  471 

Next, we measured the influence of muscarinic signaling on SNAP-25 Thr138, a 472 

protein involved in the NMJ neurotransmitter release. Similarly to CREB, Figure 6D 473 

shows that M1 inhibition does not affect pSNAP-25 Thr138 phosphorylation (pSNAP-25: 474 

1.0±0.1; SNAP-25: 1.0±0.04). However, M2 inhibition induced an increase in phospho-475 



18 
 
 

SNAP-25 Thr138 (1.2±0.1) without altering its protein levels (0.8±0.05). Additionally, 476 

M1/M2 inhibition did not affect SNAP-25 phosphorylation (pSNAP-25: 1.0±0.1; SNAP-477 

25: 1.1±0.1). We studied the effect of H-89 on SNAP-25 Thr138 phosphorylation and how 478 

this inhibitor influenced muscarinic signaling. Figure 6E shows that H-89 reduces SNAP-479 

25 phosphorylation without affecting its protein level (pSNAP-25: 0.75±0.1; SNAP-25: 480 

1.1±0.03). Finally, Figure 6F shows also that the MET effect on pSNAP-25 can be 481 

abolished by a previous incubation with H-89, demonstrating that M2 inhibition of 482 

pSNAP-25 requires PKA activity (pSNAP-25: 1.1±0.7; SNAP-25: 1.0±0.04). 483 

484 
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DISCUSSION 485 

Since long time ago, PKA has been implicated in synaptic plasticity, enhancing 486 

the probability of release in the nerve terminal (8, 24, 66) as well as controlling the 487 

postsynaptic response (67–69). This kinase promotes ACh release at the NMJ, 488 

remarkably via the phosphorylation of the release machinery and its regulatory 489 

components (reviewed in Leenders and Sheng, 2005). At the NMJ, the M2 mAChR 490 

subtype inhibits PKA through the reduction of cAMP levels, a mechanism which 491 

decreases ACh release (1, 7). However, the dynamics of PKA at the NMJ upon activation 492 

remain unknown. On the other hand, the M1 subtype couples PKC isoforms to potentiate 493 

ACh release (1, 7) and PKA and PKC are also interconnected in regulating 494 

neurotransmitter release at the NMJ (16). In the present study we found how M2 pathway 495 

regulates PKA subunit levels, translocation and interaction in the rat diaphragm to 496 

phosphorylate representative transmitter release targets, like SNAP-25, and the PKA-497 

dependent CREB. Moreover, we demonstrate a crosstalk between M1 and M2 inhibition 498 

at the molecular level that would impact in the functionality of the NMJ. Figure 7A 499 

provides a summary of the main results. 500 

M1 and M2 mutual influence 501 

M1 and M2 muscarinic signaling pathways converge to antagonistically regulate 502 

ACh release at the NMJ: M1 increases whereas M2 decreases ACh release (7). Overall, 503 

M2 signaling predominates over M1, evidenced by M1/M2 inhibition increasing the 504 

quantal content similar to M2 inhibition alone (1). Here, we found that M2 decreases the 505 

protein levels of M1, providing a molecular explanation to previous findings of M2 506 

overcoming functionaly M1. The downregulation of M1 protein levels by M2 might be 507 

caused by internalization and degradation (70) or by a decrease in PKA/pCREB-induced 508 

synthesis (71). On the other hand, the downregulation of M1 protein levels (and activity) 509 

by M2 and not M2 by M1 might be due to different pathways of internalization and 510 

degradation. In particular, M1 mAChR is internalized in a β-arrestin/dynamin dependent 511 

manner, whereas sequestration of M2 is largely independent of these proteins (72, 73). 512 

Interestingly, we found that M2 needs M1 activity to reduce the own M1 levels, because 513 

the effect does not happen when both receptors are blocked. This receptor downregulation 514 

could be linked to PKC, as downstream kinase of M1 mAChR which promotes GPCR 515 

kinase (GRK) activity and β-arrestin/dynamin dependent internalization (74, 75). In fact, 516 
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we found that all the M2-induced changes in PKA subunits expression and translocation 517 

need non-blocked M1 receptors, favoring the idea of a direct influence between M1 and 518 

M2. Furthermore, the results showing that while M2 inhibits activity (and protein levels) 519 

of M1, M1 has no direct influence on M2 could also be explained by a stronger tonic 520 

activation of M2 than M1 receptors. The muscarinic signaling observed in this study could 521 

be caused by the constitutive G protein-coupled receptors activity (76) or by the 522 

spontaneous ACh release (77, 78).  523 

Muscarinic modulation of PKA catalytic and regulatory subunits protein level 524 

Besides cAMP availability, PKA activity is also regulated by its concentration 525 

through transcriptional or posttranscriptional changes in the synthesis or degradation of 526 

its subunits (47, 67, 79). In this work, we found that both M1–PKC and M2–PKA 527 

pathways regulate the protein levels and translocation of specific PKA subunits. The 528 

unexpected role of M1–PKC pathway could be related to the few studies finding that both 529 

PKC and PKA activities can modify the expression of PKA subunits (particularly Cα and 530 

RIIβ) in cultured cells (47, 80). Despite being generally considered Gq-specific, M1 has 531 

also been linked to PKA stimulation via Gs alpha subunit in cell cultures (81, 82) and 532 

PKA and PKC are also interconnected in regulating neurotransmitter release at the NMJ 533 

(16). For example, a cross-link between M1 and M2 pathways could be through a calcium-534 

induced reduction of cAMP (83, 84). However, the dynamics of PKA in NMJ upon 535 

activation remained poorly understood. Regarding M1 upregulation of RIIβ and M2 536 

downregulation of Cβ and upregulation of RIIα/β, both receptors could apparently be 537 

associated to a decrease in PKA catalytic activity because increased turnover of C 538 

subunits or elevated levels of R subunits results in reduced catalytic activity (48). The 539 

downregulation of Cβ might affect the synaptic machinery, because Cβ is highly 540 

expressed in the nervous system (85, 86) and we found it abundant in the synaptic region 541 

of the diaphragm and present at the nerve terminal of the NMJ (and also in the other two 542 

synaptic cell components) like SNAP-25 (52). Interestingly, we also found this M2 effect 543 

over the Cβ subunit when the phrenic nerve is stimulated. Both M1 and M2 increase RIIβ 544 

levels, which is a link between M1 and M2 pathways that could inhibit PKA activity and 545 

allowing M1 to indirectly influence M2 signaling. In addition, M2 blockade also decreases 546 

the regulatory subunit RIIα. This indicates that the two isoforms of RII are involved in 547 

the muscarinic downregulation of the PKA activity. In addition, the regulation of Cβ by 548 
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M2 also occurs in presence of cholinergic input from phrenic nerve, demonstrating a 549 

general mechanism of regulation, both tonicaly and in physiological condition. In fact, it 550 

has been described that constitutive activity of neurotransmitter GPCRs may provide a 551 

tonic support for basal neuronal activity (reviewed by (76)). Here, we show that tonic and 552 

activated muscarinic signaling largely modulates proteins responsible of regulating 553 

synaptic transmission and plasticity, suggesting that the signaling pathway elicited by 554 

muscarinic receptors works in transmission of NMJ. Interestingly, both Cβ and RIIα 555 

changes by M2 need M1 activity, indicating the cooperation of both mAChR pathways to 556 

control PKA activity. In summary, M1 and M2 receptors regulate the protein level of 557 

several PKA subunits. This presumably reduces PKA activity as it has been described 558 

that increased levels of R subunits reduce catalytic activity (48).  559 

PKA subunits membrane-cytosol translocation is modulated by mAChR. 560 

The PKA distribution between the membrane and cytosolic compartments has 561 

implications in their kinase activity and specificity (24, 41). In our model, C subunits are 562 

mainly located in the cytosol and the presence of R subunits in the cytosol is required for 563 

the negative regulation of the PKA catalytic activity. We detected that PKA Cα, Cβ and 564 

RIα, RIβ and RIIβ subunits are mainly associated to the cytosol fraction (~75% 565 

cytosol/total) and only RIIα had less presence in the cytosol (60%). This is consistent 566 

with reports that PKA RI type is diffused in the cytoplasm of cells, whereas RII type is 567 

usually associated to membrane compartments (33, 35, 41, 46) due to their higher affinity 568 

to PKA-anchoring proteins (43). PKA activity can be regulated by cytosol/membrane 569 

translocation of both C (40) and R subunits (41, 42). In the adult rat diaphragm, we found 570 

that mAChR signaling regulates the translocation of PKA R subunits rather than C 571 

subunits. Our results indicate that M1 receptors constitutively recruit RIα, RIβ and RIIα 572 

to the membrane whereas M2 receptors liberate RIβ and RIIα to the cytosol. Also, the 573 

absence of effect when both M1 and M2 are blocked with AT could be because their 574 

opposed actions cancel each other out or, alternatively, because one subtype is necessary 575 

for the other. We speculate that the coexistence of both mAChR subtypes may balance 576 

the presence of RIβ and RIIα in the cytosol to finely control PKA C activity. RI subunits 577 

are known to associate with membrane fractions when they are not associated with C 578 

subunits (41). In this regard, a similar mechanism was proposed by Stefan et al., 2011 579 

(42), where a GPCR-mediated cAMP elevation promotes dissociation of the PKA 580 
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heterotetramer and recruitment of R subunits to Gαi/0 proteins at the membrane. Thus, the 581 

recruitment to the membrane of RIβ and RIIα produced by the M2 inhibitor 582 

methoctramine could be linked with the increase in cAMP produced by the inhibitor. 583 

Also, the eventual prevalence of M2 downstream signaling in basal conditions at the NMJ 584 

(1) as well as the M2-induced decrease of M1 would promote the release and presence of 585 

R subunits in the cytosol. The close association of the regulatory and catalytic subunits 586 

prevents the phosphorylating activity of the catalytic ones (Reviewed in (24)), and we 587 

show that M2 signaling tonically maintains RIβ strongly associated with Cβ and Cα at the 588 

synaptic areas of the skeletal muscle. Further experiments about the interaction between 589 

subunits will be needed to better understand the mechanism of inhibition of the C subunit 590 

by the R ones.  591 

Therefore, M1 receptor constitutively maintains PKA RIα, RIβ and RIIα in the membrane 592 

fraction whereas the tonic effect of M2 mAChR might inhibit the action of M1, enhancing 593 

the release of PKA RIβ and RIIα to the cytosol. This mAChR-modulated balance of the 594 

membrane-cytosol position of these subunits involves a mechanism that include the 595 

anchoring protein AKAP150 and may be relevant in PKA activity regulation and 596 

specificity. The mechanisms that regulate AKAP150 expression and degradation remain 597 

unclear. Here we demonstrate that M1 mAChR, known to potentiate ACh release, 598 

upregulates AKAP150. Contrarily, we found that M2 mAChR downregulates AKAP150. 599 

Changes in AKAP150 expression have been determined in other systems (87–89). In 600 

particular, impaired Ca2+ cycling in a heart failure model (89) or induced by PIR (our 601 

results) has been linked to AKAP150 downregulation. On the other hand, exercise 602 

training in rats (87) and ACh release upregulation by MET (our results) increases 603 

AKAP150 indicating that M1 can increase the association PKA R subunits to the 604 

membrane, thus increasing the cytosolic activity of C subunits. Targeting of PKA to 605 

specific sites within the cell is largely achieved by AKAPs (43, 90). Also, R translocation 606 

to the membrane aside from AKAP150 could also been related to Gαi/0 association (42). 607 

Additionally, AKAP150 has been shown to be also an anchoring protein for PKC (91–608 

93) and it could be possible that the M1 upregulation of AKAP150 affects PKC 609 

contributing thus to the functional and molecular relation between PKC and PKA to 610 

regulate neurotransmission at the NMJ. It is stimulating to think that multi-protein 611 

complexes orchestrated by AKAPs create presynaptic membrane sites wherein signalling 612 

pathways converge and are regulated to optimizate the functionality of the NMJ. 613 
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 614 

M2 inhibits PKA activity on CREB and SNAP-25 phosphorylation 615 

PKA phosphorylates many molecular targets related with immediate transmitter 616 

release or with long-lasting regulation of neurotransmission. Some PKA targets directly 617 

involved in transmitter release are α-SNAP (94), CSP (95), synapsin I (96), Snapin (97), 618 

syntaphilin (98), rabphilin (99), RIM1 (100), and SNAP-25 (17, 18). SNAP-25, together 619 

with synaptobrevin and syntaxin are the three SNARE proteins of the core fusion vesicle 620 

complex, which is involved in vesicle docking, priming and triggering fast exocytosis 621 

(101, 102). It has been proposed that PKA phosphorylation of SNAP-25 at Thr138 controls 622 

the size of the releasable vesicle pools, whereas the novel PKCε phosphorylation of 623 

SNAP-25 at Ser187 is involved in regulating refilling after the pools have been emptied 624 

(9, 52, 103). Here we found that M1 inhibition does not affect SNAP-25 Thr138 625 

phosphorylation but M2 inhibition induced an important increase which can be abolished 626 

by a previous incubation with H-89, demonstrating that M2 inhibition of pSNAP-25 627 

involves the modulation of the PKA activity. 628 

CREB is a long-lasting master regulator of gene expression, whose activity has 629 

been linked to synaptic plasticity at the NMJ as well as in the central nervous system (20). 630 

CREB is phosphorylated by various kinases, for instance cAMP/PKA, ERK1/2, and 631 

PI3K/Akt (reviewed by (9, 104)) and we selectively analyzed the PKA/CREB signaling 632 

pathway. Similarly to SNAP-25 phosphorylation, M1 inhibition does not affect CREB 633 

phosphorylation but M2 inhibition increased it indicating that M2 normally inhibits PKA 634 

phosphorylating activity on CREB. The M2 inhibition effect on pCREB can be markedly 635 

reduced by a previous incubation with H-89, indicating that M2 inhibition of pCREB 636 

requires PKA activity. Our ex-vivo approach maintains the architecture of synapses as 637 

the in vivo conditions and allows to study an accurate version of the behavior and function 638 

of the neuromuscular system. However, PKA is widely expressed and some mechanisms 639 

described here could occur in different cell types. For example, CREB expression and 640 

phosphorylation at the skeletal muscle occurs in nuclei of myocytes and is differentially 641 

activated in synaptic and extra-synaptic regions of fast- and slow-twitch muscles (21). 642 

The mAChR M1 and M2 subtypes are present at the nerve terminal but also at the 643 

perisynaptic glial cell (6), suggesting that mAChR signaling could be initiated in both 644 
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cells (Figure 7B–C). However, although it has been demonstrated the presence of mAChR 645 

in rat cultured skeletal muscle membrane and developing muscle fibers, the innervated 646 

adult skeletal myocytes do not express mAChRs (105–108). Therefore, in case that some 647 

of the mAChR effects on PKA subunits and/or the phosphorylation of its targets might 648 

occur in the postsynaptic cell, it would be an evidence of the communication between 649 

cells through the signaling and indicate the complexity of the mAChR regulation (Figure 650 

7D). Stabilization of the nAChR at the postsynaptic membrane is related with PKA 651 

activity (109–113) and in particular by the RIα subunit (36, 114, 115) and we could think 652 

that this mechanism might be anterogradely regulated by mAChR signaling. 653 

The block of both M1 and M2 receptors with AT did not affect SNAP-25 and 654 

CREB phosphorylation indicating that M2 needs M1 operativity. M1 modulates also the 655 

translocation to the membrane of several R subunits and the protein level of RIIβ though 656 

without consequences in CREB and SNAP-25 phosphorylation. This suggests that the M2 657 

inhibition of Cβ and translocation of R subunits to the cytosol could be responsible for 658 

the reduced phosphorylation of SNAP-25 and CREB although needs M1 active. 659 

Concluding remarks 660 

It is known that the activation of M2 subtype mAChR begins a Gi protein coupled 661 

downstream signal that inhibits adenylyl cyclase, cAMP levels and PKA activity with the 662 

subsequent decrease in ACh release at the NMJ. In the present work, we determined the 663 

dynamics of PKA subunits at the NMJ providing a molecular mechanism of the PKA 664 

holoenzyme formation and inactivation upon constitutive and activated muscarinic 665 

signaling that could be general to other synapses and cellular models. The M2 action 666 

reduces the Cβ protein level, increases RIIα and RIIβ, and translocates RIβ and RIIα to 667 

the cytosol with the involvement of the anchoring protein AKAP150. This coincides with 668 

a decrease in the phosphorylation level of the master regulator of gene expression CREB 669 

and SNAP-25 that are PKA targets and with a decrease in the neurotransmission (1). 670 

Some of the M2-induced changes need an active M1 receptor (reduction of the Cβ and 671 

increase of the RIIα) while some other M2-induced change can be additionally produced 672 

also by M1 receptor action (the increase of the RIIβ protein and their release to the 673 

cytosol). On the other hand, M1 receptor seems to produce several changes that would be 674 

interpreted as opposed to M2 by holding RIα, RIβ and RIIα in the membrane fraction. 675 

Reciprocally, M2 reduces M1 protein level. Altogether, these results reveal the complexity 676 
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of PKA expression and regulation by muscarinic signaling and points to the operation of 677 

a balance M1/M2 in the regulation of the PKA activation. At the nerve terminal of the 678 

NMJ, the tonic action of the M2 receptor would stabilize the holoenzymes formed by Cα 679 

and Cβ with at least RIβ. This coincides with the final reduction in the phosphorylation 680 

level of the essential exocytotic protein SNAP-25.  681 
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TABLE LEGEND 1096 

Table 1. Primary antibodies. Antibodies used in this study and procedure specifications. 1097 

Abbreviations: Hu, human; Dk, donkey; Rb, rabbit; Ms, mouse; mAb, monoclonal 1098 

antibody; pAb, polyclonal antibody. 1099 

Target Epitope Source Company (#cat) Dilution 
M1 mAChR Hu M1 mAChR residues 227–353 Ms mAb Alomone (AMR-001) 1/2000 
M2 mAChR  Hu M2 mAChR residues 168–192 Ms mAb Abcam (ab90805) 1/2000 
Cα Hu Cα C-terminus.  Rb pAb Santa Cruz (sc-903) 1/1000 
Cβ Hu Cβ C-terminus.  Rb pAb Santa Cruz (sc-904) 1/1000 
RIα Hu RIα residues 1–381. Ms mAb Santa Cruz (sc-136231) 1/1000 
RIβ Hu RIβ C-terminus. Rb pAb Santa Cruz (sc-907) 1/1000 
RIIα Ms RIIα C-terminus. Rb pAb Santa Cruz (sc-909) 1/1000 
RIIβ  Hu RIIβ residues 21–110.  Ms mAb Santa Cruz (sc-376778) 1/1000 
CREB Hu CREB synthetic peptide. Rb pAb CST (9192) 1/1000 
pCREB (Ser133)  Hu CREB residues around pSer133 Rb pAb CST (9191S) 1/1000 
SNAP-25 Hu SNAP-25 residues around Gln116 Rb mAb CST (5309) 1/1000 
pSNAP-25 (Thr138)  Hu SNAP-25 residues around Thr138 Rb pAb Biorbyt (orb163730) 1/1000 
AKAP150 Rat AKAP150 residues 428–449. Rb pAb Millipore (07-210) 1/1000 
Na/K ATPase Chicken ATPase residues 27–55 Ms mAb DSHB (a6f) 1/2000 
GAPDH  Rb GAPDH Ms mAb Santa Cruz (sc-32233) 1/2000 

 1100 

 1101 

FIGURE LEGENDS  1102 

Figure 1. M2 signaling inhibits the protein levels of M1. Representative Western blot 1103 

and data quantification of M1 and M2 protein levels in the diaphragm muscle after M1-1104 

inhibition (PIR, 10 μM), M2-inhibition (MET, 1 μM) and M1/M2 inhibition (AT, 2 μM). 1105 

Data are fold changes vs. basal condition values: mean ± SEM. **p<0.01 n=3; >5 repeats 1106 

per n. Abbreviations: PIR, pirenzepine; MET, methoctramine; AT, atropine; M1, 1107 

muscarinic receptor subtype 1; M2, muscarinic receptor subtype 2; Stx, syntaxin; nAChR, 1108 

nicotinic acetylcholine receptor. 1109 

 1110 

Figure 2. Muscarinic signaling modulates PKA C and R subunits protein levels. (A) 1111 

Knockout validation of the specificity of the anti-Cα, -Cβ, -RIα, -RIβ, -RIIα and -RIIβ 1112 

antibodies by immunoblotting. (B) Representative bands at the diaphragm showing that 1113 

antibodies bands are consistent with its predicted molecular weight. (C–E) Western blot 1114 

analysis and data quantification of PKA C and R protein levels in the diaphragm muscle 1115 

after (C) M1-inhibition (pirenzepine, 10 μM), (D) M2-inhibition (methoctramine, 1 μM) 1116 
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and (E) M1/M2 inhibition (atropine, 2 μM). (F) Western blot analysis and data 1117 

quantification of PKA Cα and Cβ protein levels in the diaphragm muscle after nerve 1118 

stimulation. Data are expressed as fold change vs. basal condition values: mean±SEM. 1119 

*p<0.05; n=3; >5 repeats per n. Abbreviations: PIR, pirenzepine; MET, methoctramine; 1120 

AT, atropine; Cα/β, protein kinase A catalytic subunit α/β; RIα/RIβ/RIIα/RIIβ, protein 1121 

kinase A regulatory subunit Iα/Iβ/IIα/IIβ. 1122 

 1123 

Figure 3. mAChR modulate the cytosol/membrane translocation of PKA R subunits. 1124 

Western blot analysis and data quantification of the protein levels of PKA Cα, Cβ, RIα, 1125 

RIβ, RIIα, RIIβ, ATPase and GAPDH in the membrane and cytosol fractions of the 1126 

diaphragm muscle after (A) M1-inhibition (pirenzepine, 10 μM), (B) M2-inhibition 1127 

(methoctramine, 1 μM) and (C) M1/M2 inhibition (atropine, 2 μM). Data in line plots are 1128 

percentages of immunoreactivity in the cytosol vs. immunoreactivity in the cytosol and 1129 

membrane (% cytosol/total). Data in bars represent the percentages of immunoreactivity 1130 

in the cytosol and membrane (i.e. control defined as 100% and treatment calculated in 1131 

relation to control). All data has been normalized to the total amount of loaded protein: 1132 

mean±SEM. *p<0.05 **p < 0.01; n=3; >5 repeats per n. Abbreviations: PIR, pirenzepine; 1133 

MET, methoctramine; AT, atropine; Cα/β, protein kinase A catalytic subunit α/β; 1134 

RIα/Iβ/IIα/IIβ, protein kinase A regulatory subunit Iα/Iβ/IIα/Iiβ; GAPDH; 1135 

glyceraldehyde-3-phosphate dehydrogenase. 1136 

 1137 

Figure 4. Both M1 and M2 modulate AKAP150 protein levels. (A) Representative band 1138 

of the anti-AKAP150 antibody at the diaphragm showing its corresponding 150kDa band. 1139 

(B) Western blot analysis and data quantification of AKAP150 protein levels in the 1140 

diaphragm muscle after M1-inhibition (PIR), M2-inhibition (MET) and M1/M2-inhibition 1141 

(AT). Data are fold change vs. basal condition values: mean ± SEM. (C) Western blot 1142 

analysis and data quantification of AKAP150 in the membrane and cytosol fractions of 1143 

the diaphragm. Data in line plots are percentages of immunoreactivity in the cytosol vs. 1144 

cytosol and membrane (% cytosol/total). Data in bars represent the percentages of 1145 

immunoreactivity in the cytosol and membrane (i.e. control defined as 100% and 1146 

treatment calculated in relation to control). All data has been normalized to the total 1147 
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amount of loaded protein: *p<0.05 **p<0.01 ***p<0.001; n=3; >5 repeats per n. 1148 

Abbreviations: PIR, pirenzepine; MET, methoctramine; AT, atropine; AKAP150, A 1149 

kinase anchor protein 150. 1150 

 1151 

Figure 5. M2 increases the interaction of PKA Cα and Cβ with the synaptic region 1152 

enriched-RIβ. (A) Schematic representation of the synaptic and extrasynaptic regions of 1153 

the rat diaphragm. (B) Western blot analysis and data quantification of the protein levels 1154 

of Cα, Cβ, and RIβ in the synaptic and extrasynaptic regions of the diaphragm before and 1155 

after M2-inhibition (methoctramine, 1 μM). (C) Plastic embedded semithin sections (0.5 1156 

μm) of the neuromuscular junctions of LAL muscle visualized at the confocal 1157 

microscope. NMJ with triple labeling: Cβ in green, S100 in blue and nicotinic AChRs in 1158 

red. Cβ is present in the three cell components of the neuromuscular synapse. Scale bars 1159 

= 10 μm. (D) Co-immunoprecipitation analysis and data quantification of the effect of M2 1160 

inhibition on the interaction between the RIβ with Cα and Cβ. Data are expressed as fold 1161 

change vs. basal condition: mean±SEM. The signal for the immunoprecipitated protein 1162 

has been normalized to that in the input. *p<0.05; n=3; >5 repeats per n. Abbreviations: 1163 

PIR, pirenzepine; MET, methoctramine; AT, atropine; nAChR, nicotinic acetylcholine 1164 

receptors; Cα/β, protein kinase A catalytic subunit α/β; RIβ, protein kinase A regulatory 1165 

subunit Iβ. 1166 

 1167 

Figure 6. M2 inhibits the PKA-phosphorylation of CREB and SNAP-25. Western blot 1168 

analysis and data quantification of the protein levels and phosphorylation of (A–C) CREB 1169 

and (D–F) SNAP-25 in the diaphragm muscle after M1-inhibition (PIR), M2-inhibition 1170 

(MET) and M1/M2- inhibition (AT) with and without PKA inhibition with H-89. All data 1171 

are expressed as fold change vs. basal condition values: mean±SEM. *p<0.05; ns p>0.05; 1172 

n=3; >5 repeats per n. Abbreviations: PIR, pirenzepine; MET, methoctramine; AT, 1173 

atropine; CREB, cAMP response element-binding; pCREB, Ser133 phosphorylated cAMP 1174 

response element-binding; pSNAP-25, Thr138-phosphorylated synaptosomal-associated 1175 

protein 25; SNAP-25, synaptosomal-associated protein 25. 1176 

 1177 
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Figure 7. Summary of the main findings. (A) Model of the muscarinic-PKA regulation 1178 

resulted from this study. The protein kinase A (PKA) is a ubiquitous enzyme involved in 1179 

neurotransmission and synaptic plasticity. The muscarinic receptor subtype M2 is the 1180 

major pathway as it reduces M1 protein levels (1). Additionally, M2 inhibits PKA activity 1181 

by (2) downregulating the catalytic Cβ subunit, upregulating the regulatory RIIα/β and 1182 

(3) liberating RIβ and RIIα to the cytosol, which promotes (4) the interaction between the 1183 

synaptic-enriched RIβ and Cα/β subunits and reduces (5) CREB and SNAP-25 1184 

phosphorylation. On the other hand, M1 signaling (2) upregulates RIIβ but (3) recruits 1185 

RIα, RIβ and RIIα to the membrane, opposed regulations which end up not affecting PKA 1186 

substrates. M1 and M2 signaling on R subunit translocation seems similarly orchestrated 1187 

through the anchoring protein AKAP150. The M2 modulations which need an active M1 1188 

receptor are marked as “needs M1”. Cell-specific models of the muscarinic-PKA 1189 

regulation in (B) the nerve terminal, (C) the Schwann cell and (D) the postsynaptic 1190 

myocyte notated based on the current knowledge. Abbreviations: AKAP150, A kinase 1191 

anchor protein 150; CREB, Ser133 phosphorylated cAMP response element-binding; 1192 

Cα/β, protein kinase A catalytic subunit α/β; M1, muscarinic receptor subtype 1; M2, 1193 

muscarinic receptor subtype 2; RIα/RIβ/RIIα/RIIβ, protein kinase A regulatory subunit 1194 

Iα/Iβ/IIα/IIβ; SNAP-25, Thr138-phosphorylated synaptosomal-associated protein 25.  1195 
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1 

 

 

Table 1. Primary antibodies. Antibodies used in this study and procedure 1 

specifications. Abbreviations: Hu, human; Dk, donkey; Rb, rabbit; Ms, mouse; mAb, 2 

monoclonal antibody; pAb, polyclonal antibody. 3 

 4 

Target Epitope Source Company (#cat) Dilution 

M1 mAChR Hu M1 mAChR residues 227–353 Ms mAb Alomone (AMR-001) 1/2000 

M2 mAChR 

 

Hu M2 mAChR residues 168–192 Ms mAb Abcam (ab90805) 
1/2000 

Cα Hu Cα C-terminus.  Rb pAb Santa Cruz (sc-903) 1/1000 

Cβ Hu Cβ C-terminus.  Rb pAb Santa Cruz (sc-904) 1/1000 

RIα Hu RIα residues 1–381. Ms mAb Santa Cruz (sc-136231) 1/1000 

RIβ Hu RIβ C-terminus. Rb pAb Santa Cruz (sc-907) 1/1000 

RIIα Ms RIIα C-terminus. Rb pAb Santa Cruz (sc-909) 1/1000 

RIIβ 

 

Hu RIIβ residues 21–110.  Ms mAb Santa Cruz (sc-376778) 
1/1000 

CREB Hu CREB synthetic peptide. Rb pAb CST (9192) 1/1000 

pCREB (Ser133) 

 

Hu CREB residues around pSer133 Rb pAb CST (9191S) 
1/1000 

SNAP-25 Hu SNAP-25 residues around Gln116 Rb mAb CST (5309) 1/1000 

pSNAP-25 (Thr138) 

 

Hu SNAP-25 residues around Thr138 Rb pAb Biorbyt (orb163730) 
1/1000 

AKAP150 Rat AKAP150 residues 428–449. Rb pAb Millipore (07-210) 1/1000 

Na/K ATPase Chicken ATPase residues 27–55 Ms mAb DSHB (a6f) 1/2000 

GAPDH 

 

Rb GAPDH Ms mAb Santa Cruz (sc-32233) 
1/2000 

 5 
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