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Abstract 21 
 22 
cAMP/PKA signalling is compartmentalised with tight spatial and temporal control of signal propagation 23 
underpinning specificity of response. The cAMP-degrading enzymes, phosphodiesterases (PDEs), localise to 24 
specific subcellular domains within which they control local cAMP levels and are key regulators of signal 25 
compartmentalisation. Several components of the cAMP/PKA cascade are located to different 26 
mitochondrial sub-compartments, suggesting the presence of multiple cAMP/PKA signalling domains within 27 
the organelle. The function and regulation of these domains remain largely unknown. Here, we describe a 28 
novel cAMP/PKA signalling domain localised at mitochondrial membranes and regulated by PDE2A2. Using 29 
pharmacological and genetic approaches combined with real-time FRET imaging and high resolution 30 
microscopy we demonstrate that in rat cardiac myocytes and other cell types mitochondrial PDE2A2 31 
regulates local cAMP levels and PKA-dependent phosphorylation of Drp1. We further demonstrate that 32 
inhibition of PDE2A, by enhancing the hormone-dependent cAMP response locally, affects mitochondria 33 
dynamics and protects from apoptotic cell death. 34 
 35 
 36 
  37 
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Introduction 38 
Mitochondria produce the majority of ATP required for a cell to function and perform vital functions in the 39 
maintenance of cellular metabolism and ion homeostasis. Additionally, mitochondria play an important role 40 
in apoptosis and are implicated in the pathogenesis of many diseases1. Mitochondria exist in a dynamic 41 
network and are continuously remodelled by fusion and fission reactions. Alteration of the fusion/fission 42 
balance contributes to the pathogenesis of many complex conditions, including common 43 
neurodegenerative diseases, cancers and cardiovascular disorders2, including the adaptive response to 44 
ischaemia–reperfusion injury3,4 and cardiac remodelling associated with heart failure5. Disorganized, small 45 
mitochondria are typically found in a variety of cardiac pathologies6,5. As a consequence, molecular 46 
mediators of mitochondria dynamics are recognised as potential therapeutic targets2. 47 
Mitochondria fission involves dynamin-related protein 1 (Drp1), a GTPase of the dynamin superfamily, 48 
which resides in the cytosol and translocates to the mitochondria upon activation by calcineurin-dependent 49 
dephosphorylation7. Drp1 multimerises at the outer mitochondrial membrane (OMM) and is thought to 50 
mechanically constrict and eventually sever mitochondria. Drp1 is subject to complex post-translational 51 
modification by ubiquitylation, sumoylation, nitrosylation and phosphorylation. A well-characterised 52 
regulation of Drp1 is its inactivation by protein kinase A (PKA)-dependent phosphorylation at serine 637 53 
(ser637), which results in mitochondria elongation7, 8, 9. 54 
PKA is a multi-target kinase activated by the ubiquitous second messenger 3',5'-cyclic adenosine 55 
monophosphate (cAMP). cAMP is synthesised either by a plasma membrane associated adenylyl cyclase 56 
(pmAC), upon hormonal activation of Gs protein coupled receptors, or by a Ca2+ and bicarbonate sensitive 57 
soluble adenylyl cyclase (sAC)10. cAMP/PKA signalling regulates fundamental cellular processes, including 58 
cell differentiation, growth, metabolism and death11. Dysfunctional cAMP signalling has been implicated in 59 
multiple disease conditions and several drugs currently in use target the cAMP/PKA pathway. cAMP/PKA 60 
signalling is compartmentalised in distinct signalling domains and occurs largely via generation of restricted 61 
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pools of cAMP that activate PKA subsets tethered in proximity to specific targets via binding to A kinase 62 
anchoring proteins (AKAPs)12.  63 
Phosphodiesterases (PDEs) constitute a superfamily of enzymes, which includes more than 100 isoforms, 64 
and are the only enzymes that degrade cAMP. Different PDE isoforms are uniquely regulated and 65 
distributed within the cell. Therefore, they differentially determine the local level of cAMP at specific 66 
subcellular sites, dictating which PKA targets are phosphorylated and the specificity of the downstream 67 
response13.  68 
A number of components of the cAMP signalling cascade have been located at the mitochondria, including 69 
multiple AKAPs14,15, 16 and PDEs17-19, suggesting the co-existence at the organelle of multiple cAMP/PKA 70 
signalling domains20. However, the organisation, regulation and functional significance of these domains 71 
remain largely to be established.  72 
PDE2A is a 3',5'-cyclic guanosine monophosphate (cGMP)-activated PDE that degrades both cAMP and 73 
cGMP21 and is expressed in a number of tissues, including brain, heart, liver, lung, adipose tissue and 74 
adrenal gland. Three variants of the Pde2a gene are expressed (PDE2A1, PDE2A2 and PDE2A3). The variants 75 
differ in their amino termini, and this variation may explain their different subcellular localisations22. 76 
Genetic ablation of PDE2A results in high embryonic lethality past E17.5–E18.5 dpc23, indicating that these 77 
enzymes are involved in vital biological functions. 78 
Previous evidence suggests localisation of PDE2A2 to the mitochondrial matrix where it regulates ATP 79 
production via modulation of cAMP generated locally by sAC19. Here we demonstrate that in cardiac 80 
myocytes and other cell types PDE2A2 is part of a distinct cAMP/PKA signalling domain located at the 81 
mitochondria but outside the mitochondrial matrix. This PDE2A2 subset localises to mitochondrial 82 
membranes where it controls a pool of cAMP generated at the plasma membrane by the hormone-83 
responsive pmAC, and regulates PKA-dependent phosphorylation of Drp1. Inhibition of this subset of 84 
PDE2A2 results in elongated mitochondria and protection from mitochondrial-dependent cell death. 85 
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Results 86 
PDE2A2 regulates mitochondria morphology  87 
When we expressed PDE2A2-GFP in primary neonatal rat ventricular myocytes (NRVM), we found that it is 88 
distinctly located at the mitochondria, unlike PDE2A1-GFP, which is cytosolic, and PDE2A3-GFP, which 89 
localises predominantly to the plasmalemma (Fig 1A). We also observed that expression of PDE2A2wt-RFP 90 
results in more fragmented mitochondria compared to expression of its catalytically inactive variant 91 
PDE2A2dn-RFP (Fig 1B).  92 
To further investigate whether PDE2A2 has a role in the modulation of mitochondria morphology, we 93 
treated NRVM with the selective PDE2A inhibitor Bay 60-7550 (1 μM) and found significant mitochondrial 94 
elongation compared to DMSO-treated controls (Fig 1C, D). Increasing cAMP levels via selective inhibition 95 
of PDE3 with cilostamide (10 μM) had no effect (Fig 1C, D), whereas maximal elevation of cAMP, as 96 
achieved by application of the tmAC activator forskolin (25 μM) and the non-selective PDE inhibitor 97 
isobutyl-methyl-xanthine (IBMX, 100 μM), also resulted in mitochondria elongation (Fig 1C, D). Knock down 98 
of PDE2A expression in NRVM, using the small interfering RNA sequence siPDE224, also resulted in 99 
elongated mitochondria (Fig 1E). The specificity of the siRNA effect was confirmed by rescue of the 100 
mitochondrial phenotype upon overexpression of a siRNA-resistant PDE2A2wt-GFP25 (Fig 1E). In line with 101 
the above findings, treatment of the myoblast cell line H9C2 with Bay 60-7550 resulted in more elongated 102 
mitochondria (Figure 1- Figure Supplement 1A), whereas expression of PDE2A2wt-GFP, but not expression 103 
of PDE4D7wt-GFP, resulted in mitochondria fragmentation (Figure 1- Figure Supplement 1B). Western 104 
blotting analysis of lysates from NRVM treated with Bay 60-7550 showed significant increase in Drp1 105 
phosphorylation at the PKA site ser637 (Fig 1 F, G) compared to DMSO-treated controls, whereas no 106 
increased phosphorylation was detected at ser616, a site phosphorylated by the kinase CDK126 (Figure 1- 107 
Figure Supplement 2). No effect of Bay 60-7550 treatment on mitochondrial morphology was found in 108 
mouse embryonic fibroblasts (MEFs) in which DRP1 was genetically ablated27 (MEFsDRP1-/-) (Fig 1H). 109 
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Expression of wild type Drp1 (Drp1 wtGFP) in MEFsDRP1-/-, but not of a DRP1 mutant that cannot be 110 
phosphorylated by PKA (Drp1 Mut-GFP), rescued the effect of Bay 60-7550 treatment (Fig 1H), confirming 111 
that elongation of mitochondria on inhibition of PDE2A is mediated by PKA phosphorylation of Drp1. 112 
The role of PDE2A2 in the regulation of mitochondrial morphology is further supported by analysis of MEFs 113 
obtained from E.13 dpc embryos that are homozygous for the genetic ablation of the PDE2A gene23 114 
(MEFsPDE2KO). Fig 2A, C shows that MEFsPDE2KO have significantly more elongated mitochondria than the wild 115 
type counterpart (MEFswt). The MEFsPDE2KO mitochondrial phenotype could be completely rescued by 116 
expression of a red fluorescent protein (RFP)-tagged PDE2A2 (PDE2A2wt-RFP), whereas expression of a 117 
catalytically inactive mutant of PDE2A2 (PDE2A2dn-RFP) in MEFsWT resulted in elongated mitochondria (Fig 118 
2B, C). It should be noted that both PDE2A2wt-RFP and PDE2A2dn-RFP localise to mitochondria with no 119 
appreciable cytosolic localisation (Fig 2B). This suggests that the rescue effect of PDE2A2wt-RFP in 120 
MEFsPDE2KO is the consequence of local cAMP hydrolysis at the organelle, and that elongation of 121 
mitochondria in MEFsWT expressing PDE2A2dn-RFP relies on a local increase in cAMP following 122 
displacement of the endogenous active mitochondrial PDE2A224, 25. MEFsPDE2KO cells treated with the PKA 123 
inhibitor H89 show complete reversal of the mitochondrial phenotype, confirming involvement of PKA 124 
downstream of PDE2A inhibition (Fig 2D). 125 
 126 
Mitochondrial PDE2A regulates cAMP at the outer mitochondrial membrane. 127 
It has been previously reported that PDE2A2 is found in the mitochondrial matrix, where it hydrolyses 128 
cAMP generated locally by sAC19. However, the molecular machinery that regulates mitochondria 129 
fission/fusion, including Drp1, is not localised to the matrix and any cAMP generated in the matrix cannot 130 
escape this compartment as the inner mitochondrial membrane (IMM) is impermeable to it.28 29.It is 131 
therefore unlikely that the elongation of mitochondria we observe on inhibition of PDE2A depends on 132 
modulation of cAMP generated in the matrix. We therefore hypothesised that mitochondrial PDE2A2 may 133 
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be located outside the matrix in a compartment where it can access and degrade cAMP generated by 134 
pmAC. To test this hypothesis, we measured cAMP levels using FRET-based reporters that are targeted to 135 
the OMM (OMM-H90)30, to the mitochondrial matrix (matrix-H90)30, or are free in the cytosol (H90)31. 136 
When expressed in NRVM the three sensors show the expected localisation (Fig 3 and Figure 3 – Figure 137 
supplement 1). As shown in Fig 3A, inhibition of PDE2A generates a similar elevation of cAMP in the bulk 138 
cytosol as inhibition of PDE3. In contrast, and in line with the effect on mitochondria morphology (Fig 1C, 139 
D), a significantly higher increase in cAMP was detected at the OMM upon inhibition of PDE2A, as 140 
compared to inhibition of PDE3 (Fig 3B). Surprisingly, Bay 60-7550 did not increase cAMP levels in the 141 
matrix (Fig 3C) and was unable to appreciably increase in the matrix the concentration of the membrane 142 
permeable cAMP analogue 8-CPT-6-Phe-cAMP (Figure 3- Figure Supplement 2). When matrix-H90 was 143 
expressed in MEFsPDE2wt no appreciable increase in cAMP was detected in the matrix on inhibition of PDE2A 144 
and the response was undistinguishable from that obtained in MEFsPDE2KO expressing the same sensor (Fig 145 
3F). We next measured FRET changes in MEFsPDE2wt and MEFsPDE2KO expressing H90 or OMM-H90. We found 146 
that application of IBMX (100 μM) results in a similar increase in cAMP in the bulk cytosol in the two cell 147 
types. In contrast, the cAMP increase at the OMM is significantly higher in MEFsPDE2wt than in MEFsPDE2KO (Fig 148 
3D, E). As expected, no response to Bay 60-7550 was detected in either compartment in MEFsPDE2KO. 149 
Collectively, the above findings indicate that, at least in cardiac myocytes and MEFs, the predominant role 150 
of PDE2A is to regulate pmAC-generated cAMP at the OMM, and that any PDE2A activity in the matrix in 151 
these cells is below the detection limit of the matrix-H90 sensor. Furthermore, PDE2A2 appears to account 152 
for a large fraction (about 85%) of the IBMX-sensitive PDE activity at the OMM.  153 
 154 
Sub-mitochondrial localisation of PDE2A  155 
To further investigate the submitochondrial localisation of PDE2A, we performed western blotting analysis 156 
of subcellular fractions from NRVM. PDE2A predominantly segregates with the mitochondrial fraction (Fig 157 
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4A) and treatment with proteinase K (PK, 10 µM), which hydrolyses proteins exposed to the cytosolic side 158 
of the OMM, significantly reduced the PDE2A signal, although it did not completely ablate it (Fig 4A). As 159 
expected, PK treatment completely depleted the mitochondrial fraction of TOM20, a protein exclusively 160 
found at the OMM (Fig 4A). Similar results were found in HeLa cells overexpressing PDE2A2-GFP (Fig 4B). 161 
Disruption of the OMM by osmotic shock allowed us to dissect further the localisation of PDE2A at the 162 
mitochondria. As shown in Fig 4C endogenous PDE2A is clearly detected in the mitoplast fraction obtained 163 
from NRVM but is completely depleted on treatment of mitoplasts with PK while with the same treatment 164 
the matrix marker COX2 is almost entirely preserved. 165 
To further assess localisation, we performed super-resolution stimulated emission depletion (STED) 166 
microscopy of HeLa cells. Cells expressing PDE2A2-GFP were double labelled with anti-GFP antibodies and 167 
antibodies to cytochrome C as a marker for the inter membrane space (IMS). As shown in Fig 4D, PDE2A2 168 
appears to be predominantly located at the periphery of mitochondria and to be excluded from the matrix 169 
and from the intra-cristae space (where cytochrome c is mostly found). Our analysis shows that the PDE2A2 170 
signal substantially overlaps with that of the OMM marker TOM20 (Figure 4- Figure Supplement 1).  171 
Mitochondrial localisation of PDE2A2 in NRVM was further assessed by transmission electron microscopy 172 
and immunogold labelling. Analysis of immunogold particle localisation shows predominant particle 173 
association with mitochondrial membranes (Fig 4E), with minimal localisation to the matrix. We found that 174 
about 7% of the particles localise to the OMM, resulting in a similar number of particles per unit length of 175 
membrane at the OMM and IMM. 176 
Overall, the above data support localisation of PDE2A2 at the OMM and IMM, whereas the enzyme appears 177 
to be largely excluded from the intra-cristae space and from the matrix. 178 
 179 
Inhibition of PDE2A protects cardiac myocytes from mitochondria-dependent cell death. 180 



9  

Mitochondria elongation has been associated with increased mitochondrial membrane potential (ΔΨm) 181 
and protection from programmed cell death32. FCCP application to NRVM loaded with the mitochondrial 182 
membrane potential indicator TMRM, revealed a significantly higher ΔΨm in myocytes pre-treated with 183 
Bay 60-7550 compared to controls (Fig 5A). Similar results were found for H9C2 cells (Figure 5- Figure 184 
Supplement 1). The higher ΔΨm on inhibition of PDE2A was not due to accumulation of protons secondary 185 
to reduced ATP production, as mitochondrial respiration was not affected by Bay 60-7550 treatment (Fig 186 
5B). To address whether PDE2A2 activity at the mitochondria may modulate the sensitivity of cardiac 187 
myocytes to pro-apoptotic stimuli, we exposed MEFsPDE2KO and MEFswt to ionomycin (iono), a pro-apoptotic 188 
treatment that relies on mitochondrial Ca2+ loading and opening of the mitochondrial permeability 189 
transition pore. In addition, we used staurosporin (stau), a compound that triggers apoptosis via non-190 
selective kinase inhibition33. We found that, while at the concentration used the two treatments result in 191 
comparable death of MEFswt, MEFsPDE2KO are significantly protected from ionomycin- but not staurosporin- 192 
induced cell death (Fig 5C). In line with these results, NRVM treated with Bay 60-7550 are protected from 193 
ionomycin but not staurosporin treatment, an effect that was not observed when the cells were treated 194 
with the PDE3 inhibitor cilostamide (Fig 5D). Knock down of PDE2A in NRVM by siRNAPDE2 resulted in a 195 
similar protective effect (Fig 5E) and there was no difference between ionomycin and staurosporin 196 
treatment when the control siRNA sequence ‘siglo’ was used (Fig 5F). Treatment with BAY60 also 197 
completely reversed the effect of ionomycin on ΔΨm of NRVM (Fig 5G). In addition, TUNEL-staining 198 
revealed that the number of apoptotic nuclei induced by ionomycin is significantly reduced in NRVM 199 
treated with Bay 60-7550 (Fig 5H) compared to controls. Furthermore, while MEFsPDE2KO showed 200 
significantly less TUNEL-positive nuclei upon treatment with ionomycin compared to staurosporin, MEFswt 201 
did not (Fig 5I). We further confirmed the requirement of Drp1 for the anti-apoptotic effect of PDE2A 202 
inhibition as application of BAY60 was effective at reducing the number of Tunel-positive nuclei resulting 203 
from ionomycin treatment in MEFslox/lox but not in MEFsDrp1-/- (Fig 5J).  204 
 205 
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PDE2A2 regulates mitochondrial morphology and cell survival via modulation of cAMP generated by 206 
pmAC. 207 
Our data so far support a model where PDE2A2 hydrolyses at the OMM cAMP generated by pmAC. 208 
Inhibition of PDE2A2 leads to local activation of PKA, phosphorylation and inhibition of Drp1, mitochondria 209 
elongation and cell protection from apoptosis. We used control MEFs (MEFsWT) and MEFs derived from sAC 210 
knockout mice (MEFssACKO)34 to confirm that the observed effects of PDE2A2 inhibition on mitochondria 211 
morphology and function are independent of any cAMP generated by sAC in the matrix. We found that Bay 212 
60-7550 treatment results in more elongated mitochondria equally in both cell types (Fig 6A). In addition, 213 
pre-treatment with Bay 60-7550 resulted in a comparable increase in ΔΨm in MEFsWT and MEFssACKO (Fig 214 
6B). Similarly, TUNEL analysis showed that both cell types were equally resistant to ionomycin treatment 215 
and equally sensitive to staurosporin (Fig 6C), confirming that PDE2A2 regulates mitochondria morphology, 216 
ΔΨm and apoptotic cell death via modulation of cAMP generated by pmAC and not by sAC in the matrix. 217 
 218 
 219 
 220 
  221 
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Discussion 222 
The cAMP/PKA signalling cascade controls, within the same cell, multiple functions, affecting processes 223 
such as gene transcription, hormone secretion, cell metabolism, cell contraction, cell survival and cell 224 
death. This complex and multifaceted functional role is executed with accuracy thanks to a tight temporal 225 
and spatial control of protein phosphorylation, which is achieved by compartmentalisation of the molecular 226 
components of the signalling cascade. Compartmentalisation of cAMP offers the opportunity to target 227 
therapeutically individual cAMP pools, rather than global intracellular cAMP levels, in order to achieve 228 
greater efficacy and specificity of intervention13. To assess the translational relevance of such a strategy, a 229 
detailed understanding of the organisation and regulation of individual cAMP signalling domains is 230 
required. Here we investigated the role of PDE2A in the local regulation of cAMP signalling at the 231 
mitochondria and its impact on mitochondrial function. 232 
Numerous studies have linked PDE2A to pathological conditions, including psychiatric, neurological35, 233 
cardiovascular36,37 and respiratory38 disorders. Pharmacological inhibition of PDE2A in animal models has 234 
been shown to have beneficial effects in a number of conditions, such as cardiac hypertrophy25, pulmonary 235 
hypertension39 as well as depression, anxiety and cognition deficits in Alzheimer’s disease38. A phase I 236 
clinical trial examining a PDE2A inhibitor for the treatment of schizophrenia is currently ongoing. Despite 237 
extensive evidence linking PDE2A to disease and the growing interest of pharmaceutical companies in 238 
PDE2A41, a mechanistic understanding of the role of this enzyme in pathophysiology remains limited.  239 
In this study we demonstrate that PDE2A2 is part of a novel mitochondrial cAMP/PKA signalling domain. 240 
We demonstrate that this domain is fuelled by cAMP generated at the plasma membrane, it drives PKA-241 
dependent phosphorylation of Drp1 and modulates mitochondria dynamics and cell survival. Importantly, 242 
we demonstrate that inhibition of PDE2A2 activity results in more elongated mitochondria, increased 243 
membrane potential and resistance to pro-apoptotic stimuli. Our STED analysis shows that PDE2A2 244 
localisation at mitochondrial membranes is not homogeneous but shows a dotted appearance (Fig 4C and 245 
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Suppl. Fig 4B), which suggests that PDE2A2 may be part of a protein cluster42. If confirmed, the 246 
identification of PDE2A2 interacting partners at the OMM/IMM may provide an avenue for selective 247 
displacement, and therefore specific ablation, of PDE2A activity at this site.  248 
A previous study reported that PDE2A2 localises to the mitochondrial matrix in hepatocytes and neurons 249 
where it hydrolyses cAMP generated locally by sAC and regulates ATP synthesis19. In our investigation using 250 
primary cells (NRVM and embryonic fibroblasts) and cell lines we found that the majority of PDE2A2 251 
localises to mitochondrial membranes. Our findings are in line with an earlier report of a cGMP-activated 252 
mitochondrial PDE, 20% of which was found to be associated with the OMM and 80% with the IMM17. 253 
Although we failed to detect significant PDE2A activity in the mitochondrial matrix using FRET imaging, we 254 
cannot exclude that a smaller fraction of the enzyme is present in this compartment. However, we 255 
demonstrate that the effect on mitochondria morphology, mitochondria membrane potential and reduced 256 
apoptotic cell death observed upon inhibition of PDE2A is not dependent on a sAC/cAMP/PKA/PDE2A 257 
signalling domain in the matrix as these effects are unchanged in cells lacking sAC. 258 
Future studies are required to establish the extent to which dysfunction of the cAMP/PKA/PDE2A domain 259 
localised at the OMM/IMM underpins PDE2A-related pathological conditions, and whether PDE2A 260 
inhibition at this site may be a viable therapeutic avenue. A number of findings warrant these 261 
investigations. The positive effect of PDE2A inhibitors on depression/anxiety-like behaviours has been 262 
linked to their anti-apoptotic effects43. In addition, inhibition of Drp1 was shown to preserve mitochondria 263 
morphology and to prevent cell death in a model of myocardial ischemia-reperfusion injury4. Increased 264 
PDE2A expression was reported both in rodents 44 and in human45 heart failure and PDE2A inhibition was 265 
shown to reduce cardiac hypertrophic remodelling in a mouse model of cardiac hypertrophy25, indicating 266 
that PDE2A inhibition may be of therapeutic value in this context. Whether the localisation of PDE2A at 267 
mitochondrial membranes is related to the anti-hypertrophic effect of PDE2A inhibition in cardiac myocytes 268 
remains to be established. However, it is interesting to note that knock down of the mitochondrial fusion 269 
protein mitofusin 2, which results in fragmented mitochondria, also leads to cardiac myocyte hypertrophy, 270 



13  

suggesting a possible direct link between mitochondria fragmentation and cardiac myocytes hypertrophic 271 
growth46, 47.  272 
Our discovery of a novel cAMP/PKA/PDE2A2 signalling domain located at mitochondrial membranes 273 
provides an original mechanistic framework for understanding the involvement of PDE2A2 in pathology and 274 
has potential implications for the treatment of mitochondrial diseases.   275 
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Materials and Methods 276 
 277 
Reagents, constructs and cell lines 278 
Forskolin, IBMX, Cilostamide, Ionomycin, Pancreatin and Proteinase K were from Sigma-Aldrich. Bay 60-279 
7550 was from Cambridge Bioscience. Staurosporin was from Calbiochem. Mitotracker red and Mitotracker 280 
green were from Life Technologies. SiGLO red transfection indicator and PDE2 3’UTR siRNA were from 281 
Dharmacon. Collagenase was from Roche, Laminin (mouse) from BD Biosciences. Transfectin Lipid Reagent 282 
was from BioRAD. FuGene6 was from Promega. Phosphate-Buffered Saline (PBS), DMEM High Glucose, 283 
MEM199, Horse Serum, New born Calf Serum, Penicilline/Streptomycine, Trypsin 0.05% and Glutamine 284 
were from Invitrogen. Polyplus Jetprime transfection reagent was from VWR. pcDNA3.1 (+) Drp1 V2 285 
(plasmid #44599) and pcDNA3.1 (+) Drp1 V2 S600A (plasmid#46344) were from Addgene. The EGFP-tagged 286 
versions of DRP1 and DRP1S600A were generated by subcloning EGFP as BamHI fragment at the N-287 
terminus of DRP1 V2 plasmids. The EGFP-tagged version of PDE2A2 was generated by subcloning PDE2A2 288 
as NheI fragment at the N-terminus of EGFP (pEYFP-C1-EGFP). PDE2A1 (RG235036), PDE2A2 (RG226806) 289 
and PDE2A3 (RG207219) in pCMV6-AC-GFP were from Origene. HeLa and H9C2 cells were originally 290 
purchased from ATCC, which provides authentication by STR profiling, and tested negative in routinely 291 
performed mycoplasma tests in the lab. No cell lines from the list of commonly misidentified cells 292 
maintained by the International Cell Line Authentication Committee has been used in this study. 293 
 294 
NRVMs culture and transfection 295 
All procedures were carried out in compliance with the standards for the care and use of animal subjects as 296 
stated by the requirements of the UK Home Office (ASPA1986 Amendments Regulations 2012) 297 
incorporating the EU directive 2010/63/EU.  298 
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Primary cultured NRVM were isolated from 1- to 2-day old Sprague Dawley rats as described48. 299 
Ventriculocytes were plated onto laminin coated coverslips or dishes and transfected with Transfectin 300 
following the supplier’s instructions. Imaging experiments were performed 24–48 h after transfection. 301 
 302 
MEFs Isolation 303 
Pregnant females obtained from crossing of heterozygous PDE2KO mice (line B6;129P2-Pde2atm1Dgen/H, 304 
provided by EMMA, UK), were sacrificed after 13 days of gestation (E.13 dpc) and the embryos collected, 305 
then placed into separate dishes containing phosphate buffered saline (PBS). A segment of the tail was kept 306 
for genotyping, whereas the head and the internal organs were removed. The remaining tissue was washed 307 
with PBS and incubated in trypsin at 37˚C for 5-10 min. The solution was pipetted until the tissue was 308 
completely homogenised and the isolated cells were plated onto T75 flasks. For transfection the cells were 309 
plated onto sterile 24 mm2 coverslips and maintained at 37°C for 24 h. MEFs were transfected with FuGENE 310 
6© or Polyplus Jetprime according to the manufacturer’s instructions. Immortalized mouse embryo 311 
fibroblasts derived from sAC knockout mice (MEFsACKO)34, and the corresponding wild type control were 312 
kindly provided by Lonny Levin and Jochen Buck, Weill Medical College, Cornell University, New York. 313 
Immortalized mouse embryo fibroblasts lox/lox Drp1wild type (MEFslox/lox) and DRP1 KO (MEFsDrp1-/-) were 314 
provided by Prof. Naotada Ishihara, Department of Protein Biochemistry, Institute of Life Science, Kurume 315 
University, Japan27.  316 
 317 
Western blotting 318 
NRVM were washed twice with PBS and lysed for 5 min with RIPA buffer containing complete EDTA-free 319 
protease inhibitor cocktail tablets (Roche) and PhosSTOP phosphatase inhibitor cocktail (Roche) when 320 
required. Pellets were clarified by centrifugation at 10000 rpm for 10 min at 4°C. Protein concentration was 321 
determined using the BCA assay (Thermo Scientific) or Bradford assay (Sigma). 30µg of protein were 322 
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separated by SDS polyacrylamide gel electrophoresis and subsequently transferred to nitrocellulose 323 
membranes (Millipore). Primary antibodies used for detection were: PDE2A (Abcam ab125677), DRP1 (Cell 324 
Signalling, 8570), phosphoDRP1 (ser637; Cell Signalling 6319), phosphoDRP1 (ser616; Cell Signalling 3455), 325 
GAPDH (Santa Cruz, sc-20357), TOM20 FL-145 (Santa Cruz, sc-11415), Total OXPHOS rodent (Abcam, ab-326 
110413), Mitofilin (Abcam, ab110329)., Tim23 (Santa Cruz, sc-514463), Cytochrome C (Abcam, ab1100325), 327 
alpha tubulin (Abcam, ab18251), GFP (Santa Cruz, sc-9996).  328 
 329 
Mitochondria fractionation 330 
Cytosolic and mitochondrial fractions from NRVM were generated using the Qproteome 331 
Mitochondria Isolation Kit (Qiagen, 37612), following the manufacturer’s instructions. Treatment 332 
with 10 µM Proteinase K was performed on the mitochondrial fraction for 25 min at 25°C. 333 
Mitochondria were then lysed in RIPA buffer containing protease inhibitor provided by the kit. The 334 
same volume (15 µl) of cytosol and mitochondria treated and not treated with Proteinase K were 335 
loaded onto gels and blotted for cytosol and mitochondrial markers. 336 
 337 
Mitoplast preparation and protease protection assay 338 
After performing mitochondria fractionation, mitoplasts were prepared as described previously19 . 339 
Mitochondria were resuspended in 200 µL MS-EGTA (225 mM mannitol, 75 mM sucrose, 5 mM HEPES, 1 340 
mM EGTA, pH 7.4). Water (1/10 volume) and 0.1mg digitonin were added, and the mixture was incubated 341 
on ice for 45 min. Then, KCl (150 mM) was added, followed by incubation for 2 min on ice and 342 
centrifugation at 18,000 g for 20 min at 4°C. The pellet containing the mitoplast fraction was re-suspended 343 
in 65 µL of 300 mM Tris-HCl, 10 μM CaCl2, pH 7.4. The supernatant containing the post-mitoplasts fraction 344 
was precipitated with 12% TCA and centrifuged at 18,000 g for 15 min at 4°C. The pellet was re-suspended 345 
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in 200 µL acetone and centrifuged at 18,000 g for 15 min at 4°C. Finally, the pellet was re-suspended in 20 346 
µL of 300 mM Tris-HCl, 10 μM CaCl2, pH 7.4 347 
For the protease protection assays, mitoplasts were divided into 3 tubes: no treatment; proteinase K (PK); 348 
PK + 1% Triton X-100. Prior to PK treatment, one aliquot of mitoplasts was solubilized with 1% Triton X-100 349 
for 15 min on ice. 10 µM PK treatment was for 20 min at RT, followed by PK inactivation with protease 350 
inhibitor.  351 
 352 
Fluorescence Resonance Energy Transfer (FRET) Imaging 353 
FRET imaging experiments were performed 24-48 hours after transfection of cardiomyocytes. Cells were 354 
maintained at room temperature in a Ringer modified saline solution (NaCl 125 mmol/L, KCl 5 mmol/L, 355 
Na3PO4 1 mmol/L, MgSO4 1 mmol/L, Hepes 20 mmol/L, Glucose 5.5 mmol/L, CaCl2 1 mmol/L, pH 7.4), and 356 
imaged on an inverted microscope (Olympus IX71) using a PlanApoN, 60X, NA 1.42 oil immersion objective, 357 
0.17/FN 26.5 (Olympus, UK). The microscope was equipped with a CoolSNAP HQ2 cooled CCD camera 358 
(Photometrics) and a DV2 beam-splitter (MAG Biosystems, Photometrics) for simultaneous imaging of CFP 359 
and YFP emissions. The FRET filters used were: CFP excitation filter ET436/20x, dichroic mirror 455DCLP (all 360 
from Chroma Technology) in the microscope filter cube; dichroic mirror 505dcxr, YFP emission filter 361 
535/30m, CFP emission filter 480/30m (Chroma Technology) in the beam splitter. Images were acquired 362 
using Metafluor software. Changes in cAMP concentration using the H90 (kindly provided by Kees Jalink, 363 
Netherlands Cancer Institute), OMMH90 and matrix-H90 (kindly provided by Konstantinos Lefkimmiatis, 364 
University of Oxford) sensors were monitored by measuring CFP (480 nm)/YFP (535 nm) fluorescence 365 
emission values upon excitation of the transfected cells at 430 nm. FRET changes are expressed as either 366 
R/R0, where R is the ratio at time t and R0 is the ratio at time = 0 s, or ΔR/R0, where ΔR = R – R0. Values are 367 
expressed as the mean ± SEM. 368 
 369 



18  

Stimulated emission depletion (STED) imaging  370 
Transfected HeLa cells were fixed with 8% paraformaldehyde in TBS (Tris-buffered saline) for 10 min, 371 
washed in TBS, permeabilised with 0.5% (v/v) Triton X-100 (TX) in TBS for 5 min and washed in TBS. Non-372 
specific labelling was blocked with a 10 min incubation with 1% normal goat serum (NGS; v/v) in Antibody 373 
Diluting Solution (AbDil; TBS 0,1% TX, 2% BSA and 0,1% sodium azide) and all antibodies were diluted in 374 
AbDil 1% NGS. Primary antibodies were incubated for 60 min. After 3 x 5 min washes cells were treated 375 
with fluorescent-conjugated species-specific immunoglobulins (1:250 in AbDil 1% NGS) for 60 min. After 3 x 376 
5 min TBS washes, coverslips were mounted in Ibidi mounting media and sealed with nail varnish. Primary 377 
antibodies used: mouse anti-GFP (Santa Cruz, sc-9996), rabbit anti-GFP (Abcam, ab6556), rabbit anti-378 
TOM20 (Santa Cruz, sc-11415) and mouse anti-cytochrome-c (ab110325). Species-specific secondary 379 
antibodies STAR RED anti-rabbit and STAR 580 anti-mouse were from Abberior. 380 
Confocal and STED images were obtained using a Leica TCS SP8 3x inverted microscope with a time-gated 381 
stimulated emission depletion (STED) module (Leica Microsystems GmbH, Germany), equipped with a 382 
white light laser (WLL) and an HC PL APO CS2 100x/1.40 oil objective. Excitation wavelength was 561 and 383 
633 nm and depletion was achieved with a 775 nm laser. The pinhole was set to 0.5 Airy units and the pixel 384 
size was 25 nm. Images of 1024 x 1024 pixels were acquired at a scan speed of 600 Hz with the number of 385 
line average equal to 16 and frame accumulation of 2. Signal was detected with a hybrid detection system 386 
(Leica HyD). For confocal imaging the STED depletion beam was turned off and WLL intensity was 387 
decreased. 388 
 389 
Electron microscopy   390 
Cryo immuno-EM was carried out as previously reported49. Briefly, pellet of cells were fixed with 4% para-391 
formaldehyde and 0.05% glutaraldehyde (both EM grade) for 10 min, and then post-fixed for 30 min with 392 
4% para-formaldehyde alone, at room temperature. After wash with PBS and PBS/glycine the cells were 393 
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covered with 1% gelatin in PBS 10 min at 37°C and then scraped, pelleted and incubated overnight in 394 
sucrose 2.3 M at 4°C and prepared for sectioning (70 nm). The immune labeling was performed on section 395 
collected on formvar/carbon coated 100 mesh nickel grids using a polyclonal anti-PDEA2 1:20 (Fabgennix) 396 
followed by Protein A conjugated with 10 nm gold beads (Utrecht University, NL). The labeled samples 397 
were examined on the electron microscope at 100 kW (Zeiss, Germany). 398 
 399 
Analysis of mitochondria morphology 400 
Quantitative evaluation of mitochondria elongation was performed by deriving a numerical parameter 401 
based on the method in50. Cells were imaged after incubation with Mitotracker red or green at a 402 
concentration of 50 nM for 3 minutes at 37 °C. The mitochondria elongation parameter was computed as E 403 
= F/Fmax, where F is MitoTracker fluorescence (background subtracted) averaged within a pixel region of 404 
interest (ROI) covering the whole cell area, and Fmax the highest pixel value in the ROI. Before computing E, 405 
20 iterations of a spatial Gaussian filter were performed to the image to improve E sensitivity. Values 406 
indicating mitochondria elongation were expressed as 1/E.  407 
Alternatively (Suppl Fig 1), mitochondrial morphology was assessed according to Song et al, with minor 408 
alterations, using OptoMorph software51. Stacked images underwent maximum projection processing to 409 
produce a singular projected image. A threshold was applied to exclude any background fluorescence. The 410 
image was then skeletonised so that each mitochondrion could be identified along its longitudinal axis as a 411 
1 pixel wide object around which an ROI was drawn. Measurements of the length of all the mitochondria 412 
within the ROI were then recorded.  413 
 414 
Mitochondrial membrane potential measurements 415 
3x106 millions NRVM and MEFs were seeded onto 6 well plates and incubated with DMSO or Bay 60-7550 416 
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for 24 h. Mitochondrial membrane potential (ΔΨm) was measured by loading cells with 50 nM tetramethyl 417 
rhodamine methyl ester (TMRM, Invitrogen) for 30 min at 37°C. Cells were then washed and imaged with 418 
an inverted microscope (Olympus IX71) using a PlanApoN, 60X, NA 1.42 oil immersion objective, 0.17/FN 419 
26.5 (Olympus, UK), equipped with a CoolSNAP HQ2 cooled CCD camera (Photometrics). Basal fluorescence 420 
intensity was normalized to the fluorescence intensity collected after acute application of 1 µM FCCP 421 
(carbonyl cyanide p-trifluoromethoxyphenhylhydrazone). In RNVM, 10μΜ Ionomycin was applied acutely 422 
and the cells were imaged to record fluorescence intensity; then FCCP was applied to completely dissipate 423 
mitochondrial membrane potential. 424 
 425 
Cell viability assay 426 
NRVM and MEFs were seeded on 96 well plates at 2.5x104 cells/well. Cells were then incubated with Bay 427 
60-7550 1µM, Cilostamide 10 µM, Ionomycin 10 µM and Staurosporin 500 nM for 24 h. For PDE2A 428 
knockdown with siRNA, cells were transfected with Transfectin and assessed 72h after transfection. Cell 429 
viability was measured using CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega), 430 
according to the manufacturer’s instructions. 431 
 432 
TUNEL assay 433 
2.4x106 millions NRVM and MEFs were seeded onto 12 well plates and incubated with DMSO, Bay 60-7550, 434 
cilostamide, ionomycin or staurosporin for 24 h. The TUNEL assay was performed using the in situ Cell 435 
Death Detection Kit (ROCHE) according to the manufacturer’s instructions. The cells were then imaged and 436 
the nuclei and fluorescent cells were counted in a blind analysis. 437 
 438 
Oxygen Consumption Rate measurements 439 
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Measurements were performed as previously reported52. Briefly, a total of 4 × 104 cells were plated onto 440 
XF24 plates (Seahorse Bioscience, North Billerica, MA, USA) and incubated at 37 °C, 5% CO2 for 24 h. The 441 
medium was then replaced with 675 μl of unbuffered Dulbecco’s modified Eagle’s medium (Seahorse 442 
Bioscience) supplemented with 2 mmol glutamine, 25 mmol glucose and 2% fetal bovine serum (pH was 443 
adjusted to 7.4 using sodium hydroxide 0.5 M) and cells were incubated at 37 °C in a CO2-free incubator. 444 
Basal oxygen consumption rate was then recorded using the XF24 plate reader (Seahorse Bioscience). 445 
Oxygen consumption rate was normalized to cell number calculated at the end of the experiments. 446 
Homogeneous plating of the cells and cell count was obtained by fixing the cells with trichloroacetic acid 447 
10% for 1 h at 4 °C and then staining the fixes cells with 0.47% solution of Sulforhodamine B (Sigma).  448 
 449 
Statistics 450 
Data are presented as means ± standard error of the mean. Graph Pad Prism 5 software was used for all 451 
statistical analyses. Student t-test was used to compare two groups of experiments. The comparison of 3 or 452 
more groups was performed using ANOVA test with Bonferroni correction. The significance level was set at 453 
p<0.05 and the following annotation has been used: *0.01≤p≤0.05, **0.001≤p<0.01, ***p<0.001. 454 
Sample sizes, replicate numbers, and p-values are stated in the figure legends. Biological replicates are 455 
independent animals or, for cell lines, independent cultures. Technical replicates are number of cells for 456 
FRET experiments, mitochondria morphology and TMRM experiments. For TUNEL experiments and cell 457 
viability experiments technical replicates are coverslips from the same culture. Outliers, when encountered, 458 
where handled using the Dixon’s Q test. For Fig 3, cells that did not respond to any treatment, including the 459 
saturating stimulus, were excluded. 460 
 461 
 462 
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Figure legends 644 
Figure 1. PDE2A2 localises to the mitochondria in NRVM and regulates mitochondria morphology via 645 
DRP1.  646 

A. Localisation of PDE2A1GFP, PDE2A2GFP and PDE2A3GFP in neonatal rat ventricular myocytes 647 
(NRVM) labelled with mitotracker red. Scale bar: 10 μm. 648 
B. Localisation of wild type (PDE2A2wt-RFP) or catalytically inactive (PDE2A2dn-RFP) PDE2A2 in 649 
NRVM. Scale bar: 10 μm. 650 
C. NRVM treated with the indicated drugs (F/I: Forskolin/IBMX) and incubated with mitotracker red 651 
to stain mitochondria. Scale bar: 10 μm. 652 
D. Quantitative analysis of mitochondrial length on cells as shown in C. n= 40 cells from 3 biological 653 
replicates. 654 
E. Quantitative analysis of mitochondrial length in cells transfected with a control siRNA sequence 655 
(siGLO), a specific siRNA for PDE2A (siRNAPDE2A) alone or in combination with a plasmid carrying a 656 
siRNA-resistant PDE2A2 sequence. n= 30 cells from 3. 657 
F. Western blotting analysis of cell lysates obtained from NRVM treated with the indicated drugs 658 
and probed for phospho-DRP1 (ser637), total DRP1 and GAPDH, as indicated. Representative of 5 659 
biological replicates. 660 
G. Quantification of the western blotting analysis as shown in F). 661 
H. Quantitative analysis of mitochondrial length in MEFslox/lox and MEFs Drp1-/- stable clones treated 662 
with DMSO, BAY60 and Cilostamide, and MEFsDrp1-/- overexpressing Drp1 wt-GFP or Drp1 mut -GFP 663 
and treated with the same drugs. n= 30 cells from 3 biological replicates. 664 
Anova test with Bonferroni correction was used for statistical analysis. *0.01≤p≤0.05, 665 
**0.001≤p<0.01, ***p<0.001.  666 
  667 



28  

Figure 2: Mitochondria morphology is affected by PDE2A knock out.  668 
A. Wild type (MEFwt) and PDE2KO (MEFPDE2KO) mouse embryonic fibroblasts stained with mitotracker 669 
green. Scale bar: 10 μm. 670 
B. MEFwt and MEFPDE2KO expressing catalytically inactive (PDE2A2dn-RFP) or wild type (PDE2A2wt-RFP) 671 
PDE2A2, respectively and stained with mitotracker green. The overlay of the RFP and mitotracker signal 672 
is also shown. Panels on the right show the fluorescence intensity profile for the mitotracker (red line) 673 
and PDE2A2-RFP proteins (green line) along with the line shown in the overlay images. Scale bar: 10 μm. 674 
C. Quantitative analysis of mitochondria morphology on images shown in B. n= 35 cells from 3 biological 675 
replicates. 676 
D. Quantitative analysis of mitochondria morphology in MEF cells treated with the PKA inhibitor H89. n= 677 
25 cells from 2 biological replicates. 678 
Anova test with Bonferroni correction was used for statistical analysis. *0.01≤p≤0.05, **0.001≤p<0.01, 679 
***p<0.001.  680 
 681 
  682 
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Figure 3. PDE2A2 controls cAMP at the outer mitochondrial membrane.  683 
A. FRET analysis in NRVM expressing the cytosolic EPAC-based H90 sensor (left) and treated with 684 
the PDE2 selective inhibitor Bay 60-7550 (BAY60, 1 μM) or the PDE3 selective inhibitor cilostamide 685 
(cilo), 10 μM).  25μM Forskolin and 100μM IBMX (F/I) was applied at the end of the experiment to 686 
achieve saturation of the sensor. Representative kinetics of FRET change are shown in the middle 687 
panel and summary of all experiments is shown in the panel on the right.  n= 15 cells from 3 688 
biological replicates. Scale bar: 10 μm. 689 
B. FRET analysis in NRVM expressing an outer mitochondrial membrane-targeted version (OMM) of 690 
H90 and relative representative traces and summary of all the experiments. Cell treatment was as 691 
in A). n= 15 cells from 3 biological replicates. Scale bar: 10 μm. 692 
C. FRET analysis in NRVM expressing a version of H90 targeted to the matrix and challenged with 693 
PDE selective inhibitors as in A, followed by application of the membrane permeable cAMP 694 
analogue 8CPT (200 μM) Representative kinetics and summary of experiments is shown in the 695 
middle and right panel, respectively. n= 12 cells from 3 biological replicates. Scale bar: 10 μm. 696 
D. FRET analysis in Wild type (MEFwt) and PDE2KO (MEFPDE2KO) MEF cells expressing the cytosolic 697 
EPAC-based H90 sensor (left) and treated with the non-selective PDEs inhibitor IBMX (100 μM) or 698 
the PDE2 selective inhibitor Bay 60-7550 (BAY60 100nM). 25 μM Forskolin and 100 μM IBMX (F/I) 699 
was applied at the end of the experiment to achieve saturation of the sensor. Representative 700 
kinetics of FRET change are shown in the middle panel and summary of all experiments is shown in 701 
the panel on the right. n= 10 cells from 3 biological replicates. Scale bar: 10 μm. 702 
E. FRET analysis in Wild type (MEFwt) and PDE2KO (MEFPDE2KO) expressing the outer mitochondrial 703 
membrane-targeted version (OMM) of H90 (left) and treated with the non-selective PDEs inhibitor 704 
IBMX (100 μM) or the PDE2 selective inhibitor Bay 60-7550 (BAY60 100nM). Representative kinetics 705 
and summary of experiments is shown in the middle and right panel, respectively. n= 10 cells from 706 
3 biological replicates. Scale bar: 10 μm. 707 
F. FRET analysis in Wild type (MEFwt) and PDE2KO (MEFPDE2KO) expressing the mitochondrial matrix-708 
targeted version of H90 (left) and treated with the PDE2 selective inhibitor Bay 60-7550 (BAY60 709 
100nM). Representative kinetics and summary of experiments is shown in the middle and right 710 
panel, respectively. n= 6 cells from 2 biological replicates. Scale bar: 10 μm. 711 
Anova test with Bonferroni correction was used for statistical analysis. *0.01≤p≤0.05, 712 
**0.001≤p<0.01, ***p<0.001. 713 

  714 



30  

Figure 4. Submitochondrial localisation of PDE2A2  715 
A. Representative Western blotting analysis of cytosolic and mitochondrial sub-fractions obtained 716 
from NRVM lysates not treated and treated with Proteinase K (10 µM). PDE2A was probed with a 717 
PDE2A specific antibody. To assess fraction purity, antibody for OXPHOS subunits (black 718 
arrowheads), TOM20 and Cytochrome C were used. GAPDH was used to assess contamination of 719 
cytosol in the mitochondrial fraction. The panel on the right shows the quantification from 4 720 
biological replicates. Student t-test was used for statistical analysis. *0.01≤p≤0.05.  721 
B. Representative Western blot of subcellular fractions obtained from Hela cells expressing 722 
PDE2A2-GFP. The mitochondrial fraction was either non treated or treated with Proteinase K. 723 
PDE2A2 was assessed with a GFP-specific antibody. Mitofilin was probed here in addition to the 724 
mitochondrial markers used in A). This experiment was repeated twice with similar results. 725 
C. Representative Western blot of cytosolic, mitochondrial, mitoplasts and post-mitoplast fractions 726 
obtained from NRVM lysates. Samples were either untreated or treated with Proteinase K (PK, 10 727 
µM) or Triton-X plus PK. PDE2A was probed with a PDE2A specific antibody. Cytochrome c oxidase 728 
subunit II (COX2) is a marker for mitochondrial matrix; Tubulin is marker for cytosol; TIM23 is 729 
marker for IMM; cytochrome-c is a marker for IMS. Blot is representative of three independent 730 
experiments. 731 
D. Confocal and STED image (first and second column, respectively) of a HeLa cell expressing 732 
PDE2A2-GFP and labelled with antibodies to cytochrome c and GFP. Third and fourth columns show 733 
magnification of the boxed areas. Plots on the right show average intensity profiles across the 734 
indicated mitochondrial tubule section. Cytochrome c profile is in green and PDE2A2 profile is in 735 
red. Scale bar: 2 μm. 736 
E. Representative electron microscopy image of NRVM probed with PDE2A antibody detected by 737 
protein A conjugated with 10 nm gold beads. The count of relative mitochondrial distribution of the 738 
immunogold particles is shown on the right (n=25 mitochondria). Magnification 100X, scale bar: 739 
200 nm. 740 
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Figure 5. PDE2A inhibition affects mitochondrial membrane potential and cell survival.  742 
A. Left panel: TMRM fluorescence signal before and after application of 1 μM FCCP to NRVM. 743 
Representative kinetics (middle panel) and summary of experiments (right panel, n=60 cells from 3 744 
biological replicates) showing the effect of pre-treatment of NRVM with the PDE2 inhibitor Bay 60-745 
7550 (1 μM) compared to control, on the TMRM signal decay after application of FCCP. Values are 746 
expressed as percent decrease. 747 
B. Oxygen consumption rates (OCR) of NRVM treated with DMSO (control) or with Bay 60-7550 (1 748 
μM) for 24 h. Basal rates or rates after the addition of 1 μM oligomycin (oligo) or FCCP (100nM) are 749 
the mean  ± SEM of three time points in triplicate. Data are from three biological replicates.  750 
C. Effect of 10 μM ionomycin or 500 nM staurosporin on survival of MEFwt and MEFPDE2KO relative to 751 
untreated MEFwt cells. n=4 biological replicates, each with 8 technical replicates per condition. 752 
D. Effect of ionomycin or staurosporin on survival of NRVM treated with ionomycin or staurosporin 753 
and in the presence of either the PDE2 inhibitor Bay 60-755 (1 μM) or the PDE3 inhibitor 754 
cilostamide (10 μM). Values are expressed relative to untreated controls. n=6 biological replicates, 755 
each with 8 technical replicates per condition. 756 
E. Effect of ionomycin or staurosporin on cell viability of NRVM in which PDE2A was knocked down 757 
by siRNA. Values are expressed as relative to untreated and non-transfected cells. n=4 biological 758 
replicates, each with 8 technical replicates per condition. 759 
F. Effect of ionomycin or staurosporin on cell viability of NRVM transfected with the control siRNA 760 
sequence siGLO. n=4 biological replicates, each with 8 technical replicates per condition. 761 
G. Summary of experiments (n>40 cells) showing the effect of acute application of ionomycin (10 762 
μM) on NRVM pre-treated with the PDE2 inhibitor Bay 60-7550 (1 μM) compared to control. Values 763 
are expressed as percent decrease of the TMRM signal after application of FCCP. 764 
H. Representative images of TUNEL assay performed in NRVM treated with ionomycin (10 μM) or 765 
ionomycin (10 μM) plus Bay 60-7550 (1 μM). The bar graph on the right shows the summary data 766 
(n= 3 biological replicates, each with 2 technical replicates per condition). Values are TUNEL 767 
positive as percent of DAPI positive nuclei. 768 
I. Quantification of TUNEL assay performed in MEFwt and MEFPDE2KO treated with ionomycin (10 μM) 769 
or staurosporin (500 nM). n= 3 independent experiments, each with 4 technical replicates per 770 
condition. 771 
J. Quantification of TUNEL assay performed in MEFlox/lox and MEFDrp1-/- treated with ionomycin 772 
(10 μM) or Ionomycin plus Bay 60-7550 (1 μM). n= 3 independent experiments, each with 2 773 
technical replicates per condition. 774 
Student t-test was used for statistical analysis in A. Anova test with Bonferroni correction was used 775 
in all the other cases. *0.01≤p≤0.05, **0.001≤p<0.01, ***p<0.001. 776 
 777 
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Figure 6. The effect of PDE2A2 inhibition on mitochondria morphology, mitochondrial membrane 779 
potential and apoptotic cell death is independent of sAC.  780 

A. On the left, representative image of MEFwt and MEFsACKO cells either untreated (DMSO) or 781 
treated with Bay 60-7550 (1 μM) or cilostamide (10 μM), and loaded with mitotracker red. The 782 
summary analysis of mitochondrial length is shown on the right (n= 22 cells from two biological 783 
replicates). 784 
B. Analysis of mitochondrial membrane potential measured in MEFwt and MEFsACKO untreated or 785 
treated with Bay 60-7550 or cilostamide and labelled with TMRM. Representative kinetics of TMRM 786 
fluorescence decay on application of FCCP to MEFwt are shown on the left. Summary data on the 787 
right are expressed as percent decrease (n>50 cells from 4 biological replicates).  788 
C. TUNEL assay performed in MEFwt and MEFsACKO either untreated or treated with Bay 60-7550, 789 
ionomycin, staurosporin, or a combination as indicated. n= 3 biological replicates, each with 2 790 
technical replicates for condition. 791 
Anova test with Bonferroni correction was used for statistical analysis. *0.01≤p≤0.05, 792 
**0.001≤p<0.01, ***p<0.001. 793 
 794 
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Supplementary Information 798 
 799 
Figure 1 – Supplemental Figure 1: PDE2A2 regulates mitochondria morphology in H9C2 myoblasts. 800 

A. Analysis of mitochondrial length in H9C2 cells treated with Bay 60-7550 (1 μM) or Forskolin 801 
(25 μM) and IBMX (100 μM).  802 
B. Left panel: analysis of mitochondrial length in H9C2 cells expressing PDE2A2wt or PDE4D7wt (n= 803 
3). Right panels: images of the H9C2 cells incubated with Mitotracker red to stain mitochondria and 804 
representative of the experiment summarised on the left. Scale bar: 10 μm. 805 
Anova test with Bonferroni correction was used for statistical analysis. *0.01≤p≤0.05, 806 
**0.001≤p<0.01, ***p<0.001. 807 
 808 
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Fig 1 – Supplemental Figure 2: The effect of PDE2A inhibition on DRP1 phosphorylation at ser616. 810 
Western blotting analysis of cell lysates from NRVM treated with DMSO, Bay 60-7550 (1 μM) or forskolin 811 
(25 μM) plus IBMX (100 μM) and probed for the CDK1 site ser616 on DRP1. The panel on the right shows 812 
the quantification of 3 biological replicates. Anova test with Bonferroni correction used for statistical 813 
analysis did not show any significance. 814 
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Figure 3 – Supplemental Figure 1: Localisation of cytosolic and targeted H90. 816 
Representative Western blotting analysis of cytosolic and mitochondrial (Mito) sub-fractions obtained from 817 
NRVM lysates not treated and treated with Proteinase K (PK, 10 µM). Cells were not transfected (NT) or 818 
transfected with the sensor H90, OMM-H90 or matrix-H90. The fluorophore of the sensors was detected 819 
with a GFP antibody. To assess fraction purity, antibodies for TOM20 (OMM), COX2 (matrix), and GAPDH 820 
(cytosol) were used. N=3 biological replicates.  821 
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Figure 3 – Supplemental Figure 2: Effect of PDE2A inhibition on cAMP levels in the matrix. 823 
Representative kinetics (left) and summary data (right) of FRET analysis of cAMP changes detected in the 824 
mitochondrial matrix of NRVM expressing the matrix-targeted sensor matrix-H90. Cells were treated with a 825 
non-saturating concentration of the cAMP analogue 8-CPT (50 μM), followed by treatment with Bay 60-826 
7550 (1 μM) or cilostamide (10 μM). Subsequent addition of 200μM 8-CPT saturates the sensor. N>10 cells 827 
from 3 biological replicates. Anova test with Bonferroni correction was used for statistical analysis. 828 
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Figure 4 – Supplemental Figure 1: Relative localisation of PDE2A2 and either TOM20 or cytochrome c as 830 
revealed by STED microscopy analysis. 831 

A. Representative confocal and STED images of a HeLa cell labelled with antibodies specific to 832 
cytochrome c and TOM20.  833 
B. Representative confocal and STED images of HeLa cell expressing PDE2A2-GFP and labelled with 834 
antibodies specific to TOM20 and GFP.  835 
C. In both panels, a magnification of the boxed areas is also shown. Panels on the right show 836 
fluorescence intensity profiles across the indicated mitochondrial tubule section. Scale bar: 2 μm. 837 
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Figure 5 – Supplemental Figure 1: PDE2A affects mitochondrial membrane potential in H9C2 cells.  839 
Mitochondria membrane potential measured in H9C2 myoblasts treated with DMSO, Bay 60-7550 (1 μM) 840 
or forskolin (25 μM) plus IBMX (100 μM). The cells were loaded with TMRM to fluorescently label the 841 
mitochondria and were challenged with FCCP to collapse the mitochondria membrane potential. Summary 842 
from 3 biological replicates. Anova test with Bonferroni correction was used for statistical analysis. 843 
**0.001≤p<0.01, ***p<0.001. 844 
 845 
 846 
 847 
 848 


























