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Supplementary Figures 

 

 

 

Supplementary Figure 1. Atropine effects on cardiomyocyte cAMP levels. (a) Atropine alone, even at 
a very high concentration (10 µM), does not affect intracellular cAMP levels. Forskolin (10 µM) was used 
as a positive control. (b) Atropine (10 nM) potentiates forskolin-mediated increases in cAMP. The PDE4 
inhibitor rolipram (10 µM) was applied to maximally activate the sensor. (c, d) Inhibition of Gi-proteins 
with pertussis-toxin (1.5 µg/ml for 6-8 h) prevents the ACh (10 µM)-mediated cAMP decrease after 100 
nM (in d) or 1 nM (in c) ISO prestimulation. All traces are representative experiments (n=5); pooled data 
are shown in Figure 1C and 1F.  
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Supplementary Figure 2. Effect of atropine on cAMP levels in cardiomyocytes isolated from M2- and 
M1/3-receptor knockout mice as well as from PDE4B and PDE4D knockout mice. (a) Representative 
experiment and (b) quantification (n=4-11 cells each) are shown. Means ± s.e.m. *differences are 
statistically significant at p<0.01 by paired t-test. n.s – not significant at p=0.05. Myocytes were 
transduced with the cAMP sensor expressing adenovirus and stimulated with 100 nM isoproterenol 
(ISO) followed by 10 nM atropine and 10 µM rolipram.  
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Supplementary Figure 3. Measurements of PDE inhibition in HEK293A cells. (a) Schematics of the 
fusion sensors which monitor cAMP in the vicinity of a PDE isoform of interest and directly report PDE 
inhibition. Epac1-camps sensor is fused to the N-terminus of a PDE and does not respond to intracellular 
cAMP due to the constitutive PDE activity. Inhibiting PDE with an inhibitor leads to cAMP binding to the 
sensor and to an increase in distance between the two fluorophores CFP and YFP. (b) Atropine at a 
very high concentration (10 µM) only slightly inhibits PDE1 activity (8-MMX, 8-methoxymethyl-3-isobutyl-
1-methylxanthine, 100 µM) but (c) does not affect PDE3. (d) Atropine does not inhibit PDE5 activity in 
cells expressing the cGES-DE2-PDE5A sensor. Cells were prestimulated with 1 µM ISO (in B-C) or with 
50 µM sodium nitroprusside (in d) for 3 min before adding atropine to pre-elevate intracellular cAMP and 
cGMP levels, respectively. (e) Quantification of the data shown in b-d as a % change of the FRET ratio 
in response to atropine for each individual PDE-sensor along with maximal effects measured by these 
sensors with respective inhibitors, means ± s.e.m. (n=6). (f) Inhibition of PDE4 by various anticholinergic 
drugs monitored in HEK293 cells stably expressing the Epac1-camps-PDE4 sensor. Measurements 
were performed as described above with 10 nM atropine and 1 µM ipratropium or 1 µM darifenacin. 
Means ± s.e.m. (n=8 each), * p<0.05 by one-way ANOVA. 
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Supplementary Figure 4. Atropine inhibits PDE4 in an allosteric manner. (a) Concentration-response-
dependencies for rolipram measured using the Epac1-camps-PDE4A sensor in the presence or 
absence of 10 µM atropine (10 min pre-incubation without ISO), means ± SE (n=6-8). The IC50-values 
were 29.9 ± 1.4 nM and 72.6 ± 5.7 nM with and without atropine, respectively (P<0.01 by one-way 
ANOVA). (b) Representative FRET trace (n=6) showing a “shift” of rolipram efficacy at the sensor 
induced by atropine. (c) Measurements of PDE4A activity (recombinant protein) and its inhibition by 
rolipram in vitro in absence and presence of 10 µM atropine. The IC50-values were 19.1 ± 4.8 and 96.1 
± 11.2 nM with and without atropine, respectively. Data are means ± s.e.m. (n=3). P<0.01 by one-way 
ANOVA. This behavior is in line with the effects of allosteric modulators of PDE4 activity1,2.   
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Supplementary Figure 5. Organic cation transporters (OCTs) might be involved in the intracellular 
effects of atropine. (a) Preincubation of cardiomyocytes with the OCT inhibitor MPP+ (100 µM) prevents 
the stimulatory effect of atropine measured as in Figure 1b. Representative trace, n=5. Quantification is 
shown in b. n.s. – not significant. (c) Stable overexpression of OCT3 in HEK293 cells potentiates the 
stimulatory effect of atropine measured as in Figure 2A, means ± s.e.m. (n=5).  
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Supplementary Figure 6. Heart rate measurements in wildtype and M1/3-receptor knockout 
Langendorff-perfused hearts stimulated with ISO alone (10 nM) or with ISO plus atropine (10 nM). 
Atropine applied after ISO significantly increases the beating frequency in both genotypes. Shown are 
means ± s.e.m. (n=4-6). * p<0.05, by paired t-test. 
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