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ABSTRACT 1 

In recent years, our idea of mitochondria evolved from “mere” energy and metabolite 2 

producers to key regulators of many cellular functions. In order to preserve and protect 3 

their functional status, these organelles engage a number of dynamic processes that allow 4 

them to decrease accumulated burden and maintain their homeostasis. Indeed, 5 

mitochondria can unite (fusion), divide (fission), position themselves strategically in the cell 6 

(motility/trafficking) and if irreversibly damaged or dysfunctional eliminated (mitophagy). 7 

These dynamic processes can be controlled both by mitochondrial and cellular signalling 8 

pathways, hence allowing mitochondria to tune their function to the cellular needs. Among 9 

the regulatory mechanisms, reversible phosphorylation downstream the cyclic AMP 10 

(cAMP) signalling cascade was shown to deeply influence mitochondrial dynamics. This 11 

review explores the emerging evidence suggesting that cAMP is a key player in the 12 

orchestration of mitochondrial fusion/fission, motility and mitophagy, extending the 13 

repertoire of this second messenger, which is now recognized as a major regulator of 14 

mitochondrial homeostasis.  15 

 16 
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1.Introduction  1 

It is unnecessary to emphasize the importance of mitochondria for the eukaryotic cell. 2 

Indeed, these semi-independent organelles are entrusted with some of the most important 3 

cellular functions, such as energy generation and cell death regulation [1]; in addition, 4 

mitochondria generate metabolites and participate in cytosolic proteostasis [2]. All these 5 

actions strongly link mitochondrial function to cellular homeostasis. Being at the core of the 6 

cellular needs, it is imperative that these organelles continuously communicate with their 7 

host cell. In fact, in order to achieve a high level of communication with the other cellular 8 

components, mitochondria evolved into signalling hubs integrating themselves in virtually 9 

all the information networks that ensure cellular homeostasis. Thanks to the information 10 

gathered, mitochondria are able to adapt to the varying cellular needs, but also, at the 11 

same time, can communicate to the cell their bioenergetics status.  12 

 13 

The information flow is continuous; indeed mitochondria can formulate important 14 

“messages” and deliver them to the cytosol to be decoded. For instance, release of 15 

cytochrome c from the mitochondrial inter-membrane space (IMS) to the cytosol is 16 

interpreted by the cell as a “death directive” and ultimately results in apoptosis [3], while an 17 

increase in the release of mitochondrial reactive oxygen species (ROS) can trigger specific 18 

transcription signatures in response to hypoxia [4-6]. On the other hand, and in order to 19 

closely assess cellular fitness, mitochondria have developed molecular “antennas” that 20 

allow them to intercept messages originating from the extracellular space or directly from 21 

the cell. Examples of this mechanism are the two main information-bearing molecules, 22 

calcium (Ca2+) and cyclic AMP (cAMP). Indeed, albeit to different extent, mitochondria 23 

actively sense and participate in the signalling cascades of these second messengers.  24 

 25 
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At the steady state, mitochondrial Ca2+ levels are similar to those of the cytosol (i.e. ≈ 100 1 

nM); however, these organelles are able to sense and uptake Ca2+ thanks to a multiproteic 2 

machinery, at the core of which is the 40 kDa mitochondrial Ca2+ uniporter (MCU) [7-9]. In 3 

addition, mitochondria can release Ca2+ back into the cytosol via efflux channels, such as 4 

the xNa+/Ca2+ and the H+/Ca2+ exchangers [7, 10]. Thanks to these characteristics, Ca2+ 5 

evolved to become a communicatory currency between mitochondria and their host, and is 6 

used to exchange information that influences the function of both sides. The effects of 7 

mitochondrial Ca2+ can be beneficial or detrimental, depending on the levels that Ca2+ 8 

reaches within the matrix [7, 10]. For instance, elevation of mitochondrial Ca2+ can trigger 9 

a beneficial increase in mitochondrial ATP production [10, 11]. However, if the levels of 10 

Ca2+ become too high, mitochondria may enter a state of increased permeability (termed 11 

permeability transition) that can lead to dissipation of their membrane potential and 12 

irreversible damage that eventually kills the host cell [12]. On the other hand, mitochondria 13 

are also major regulators of Ca2+ signalling. These organelles significantly influence 14 

intracellular Ca2+ levels by buffering it, while, by releasing Ca2+ previously accumulated 15 

they contribute to the generation of functionally distinct Ca2+ microdomains. 16 

 17 

The relation of cAMP to mitochondria is not less complex than that of Ca2+, and is certainly 18 

more debated. Mitochondria can “sense” cytosolic cAMP at their outer membrane (OMM) 19 

and IMS, however cAMP generated in the cytosol cannot permeate the inner mitochondrial 20 

membrane (IMM) to reach the innermost mitochondrial compartment [13, 14]. In fact, 21 

cAMP in the matrix is generated by a mitochondrial version of a soluble adenylyl cyclase 22 

(sAC), in response to metabolic stimuli [15-17]. Consequently, based on the source of 23 

cAMP, mitochondria host two distinct cAMP cascades, one that responds to cellular stimuli 24 

and another, confined in the matrix, that appears independent from the cytosol [18]. Each 25 

of these pathways has been associated with the regulation of distinct functions and may 26 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

differently affect mitochondrial homeostasis. cAMP in the matrix (mt-cAMP) was initially 1 

associated with the regulation of oxidative phosphorylation (OXPHOS) [16, 17, 19], albeit 2 

with some discordances, likely depending on different experimental procedures and 3 

reagents employed [20]. Nevertheless, as we will discuss later, recent experimental 4 

evidence suggests that the roles of mt-cAMP go beyond the control of OXPHOS. On the 5 

other hand, the cAMP cascade hosted at the OMM is involved in the control of 6 

programmed cell death and in the regulation of mitochondria dynamics [13, 21]. In line with 7 

their role in regulating Ca2+ levels, mitochondria were recently suggested to participate in 8 

the regulation of cAMP diffusion through a debated mechanism [22, 23]; furthermore, it 9 

remains unknown whether these organelles are able to modulate cAMP levels by releasing 10 

messenger produced in the matrix. 11 

 12 

Four main processes are responsible for the characteristic dynamic nature of 13 

mitochondria: a) fusion, the process through which distinct mitochondria join to form a new 14 

organelle; b) fission, the opposite of fusion, where a mitochondrion divides into separate 15 

organelles; c) motility, where mitochondria engage the microtubule network to be 16 

transported to specific intracellular sites; and d) mitophagy, the process through which 17 

dysfunctional mitochondria are eliminated. These dynamic behaviours are extremely 18 

important for mitochondria and cellular health and, expectedly, alterations of all four 19 

processes have been associated with severe pathological conditions [21, 24]. Given the 20 

importance of mitochondrial dynamics, it is not surprising that mitochondria and host cells 21 

developed a number of multi-layered regulatory mechanisms in order to ensure the fine-22 

tuning of these processes. Amongst these mechanisms, reversible phosphorylation 23 

downstream cAMP has been proposed to participate, at least to some extent, in the control 24 

of virtually all the actions that compose mitochondrial dynamics. In this review, we discuss 25 

how the cAMP signalling cascade regulates mitochondrial fusion, fission, mitophagy and 26 
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motility, showcasing the players and possible therapeutic possibilities that emerge by the 1 

crossing of an ancient organelle with an equally ancient second messenger. 2 

 3 

2. cAMP machinery 4 

Intracellular cAMP concentrations are determined by the balance between the processes 5 

of synthesis, degradation, and export from the cell. Ten distinct adenylyl cyclases (ACs), 6 

nine transmembrane (tmACs) and a soluble one (sAC), are responsible for cAMP 7 

production in mammals [25-27]. To contrast their actions, there are the 8 

phosphodiesterases (PDEs), a class of enzymes constituted by 11 families, eight of which 9 

have the ability to hydrolyse cAMP [28, 29]. Finally, albeit somewhat underappreciated as 10 

regulatory modality, cAMP can be exported from the cell via a number of ATP binding 11 

cassette (ABC) proteins, in particular the multi-drug resistance proteins (MRP) MRP4 and 12 

MRP5 [30]. Both PDE-dependent cAMP degradation and MRP-related cAMP export 13 

counteract cAMP synthesis, and are crucial for the maintenance of low cAMP levels in 14 

resting cells and for the termination of the cAMP cascade in stimulated ones.  15 

 16 

The cAMP pathway is usually triggered by the activation of ACs, followed by cAMP 17 

diffusion and binding to its receptor proteins. To date, a number of cAMP effectors have 18 

been identified: cyclic-nucleotide-gated (CNG) channels were among the first to be 19 

identified, while the members of the Popeye-domain containing family [31, 32] are the 20 

newest discovered. Nevertheless, despite intense efforts to identify novel cAMP-binding 21 

proteins, it is widely accepted that the major cAMP effectors are the exchange proteins 22 

directly activated by cAMP (Epac) and, most importantly, protein kinase A (PKA) [33].  23 

 24 

PKA is a serine/threonine-specific kinase responsible for most of the cellular functions 25 

induced by cAMP. Indeed, cells rely on the cAMP/PKA axis for the control of many, 26 
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(sometimes contradictory) tasks, raising the need for a regulatory network that would 1 

confer specificity to the actions of this soluble molecule. In order to achieve specificity of 2 

action, the cAMP signalling pathway is organised into microdomains, i.e. spatially defined 3 

functional units that respond independently to cAMP elevations. Usually, these domains 4 

are built around an A-kinase anchoring protein (AKAP), serving as a scaffold, and use 5 

PKA as effector [33, 34]. Mitochondria, amazingly, host more than one fully independent 6 

cAMP microdomains. Hereafter we will provide a brief description of the cAMP signalling 7 

cascades hosted at different mitochondrial compartments. 8 

 9 

3. cAMP signalling at the mitochondrial core 10 

A paramount characteristic of mitochondria is their strict compartmentalization. These 11 

organelles present several compartments, and at least three of them, the OMM, the IMS 12 

and the mitochondrial matrix, contain distinct cAMP signalling microdomains.  13 

 14 

Nearly a decade ago, the group of Giovanni Manfredi, using classic biochemical 15 

approaches, made the important observation that cAMP produced in the cytosol is unable 16 

to permeate the IMM and to reach the matrix, and proposed that cAMP signalling in this 17 

compartment is maintained by a resident form of sAC and a local pool of PKA [16]. Later, 18 

two separate studies using matrix-specific cAMP-sensitive FRET-based sensors, 19 

confirmed that cytosolic cAMP cannot enter the inner mitochondrial compartment [17, 18], 20 

except in particular conditions such as mitochondrial permeability transition [18]. A similar 21 

cAMP pathway, confined to mitochondria, was later discovered also in yeast [35]. In 22 

contrast to these findings, Zhang and colleagues proposed that, in Drosophila, cAMP 23 

produced in the cytosol can reach the mitochondrial matrix unopposed, providing evidence 24 

of direct communication between tmACs and matrix cAMP effectors [36]. These findings 25 

raise the challenging question of how the negatively charged cAMP is able to overcome 26 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

 

the opposing force of the mitochondrial membrane potential (≈180 mV, negative inside), 1 

opening the exciting possibility of a cAMP transporter located in the IMM. Therefore, it 2 

would appear that in Drosophila, where sAC is not expressed and consequently a matrix 3 

cAMP source is absent, mitochondria respond to cytosolic cAMP and lost their ability to 4 

generate cAMP according to their needs in a cell-independent manner.  5 

 6 

Recently, using a mitochondrial matrix localized FRET-based PKA activity sensor, we 7 

proved that, contrary to the original observation by Acin-Perez et al. [16], the endogenous 8 

PKA activity in this compartment is undetectable. Moreover, several groups documented 9 

the presence of Epac1, the other major cAMP effector, in the mitochondrial matrix, further 10 

fuelling the debate on the identity of matrix-resident cAMP binding proteins. Importantly, 11 

these studies attributed to Epac1 activity most of the cAMP-dependent mitochondrial 12 

responses [37-39].  13 

 14 

The IMM and OMM define the IMS, another domain hosting the components needed for a 15 

functional cAMP-signalling cascade that can be fuelled by cytosolic cAMP, freely 16 

permeating the OMM. In line with a classical cAMP microdomain, the IMS contains an 17 

AKAP, called sphingosine kinase-interacting protein (SKIP), which specifically tethers PKA 18 

type I, the most cAMP-sensitive between the PKA isoforms [40]. SKIP mediates PKA-19 

dependent phosphorylation of ChChd3, a scaffolding protein that participates in the MICOS 20 

complex (MItochondrial COntact Site and Cristae Organizing System) [41, 42], and is 21 

important for the maintenance of cristae integrity and mitochondrial function [43]. A sensitive 22 

PKA localized just outside the mitochondrial matrix could also allow the IMS to sense small 23 

cAMP amounts leaking from this compartment under stress conditions, characterised by 24 

mitochondrial permeability transition pore (MPTP) flickering [18]. This, in turn, may 25 
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contribute to PKA-mediated strengthening of the cristae and stress recovery. In line with this 1 

possibility, ChChd3 depletion results in extensive mitochondrial fragmentation [43].  2 

cAMP signalling in the matrix and IMS has been involved in a number of mitochondrial 3 

functions, including OXPHOS [16], regulation of ATP synthesis [16, 17], production of 4 

aldosterone [44], regulation of cell death [38, 39], sepsis induced heart dysfunction [45], 5 

memory regulation [46], and regulation of mitochondrial DNA synthesis and transcription 6 

[36, 47]; however, a direct link connecting cAMP-mediated events in the inner mitochondrial 7 

compartments with the machineries that regulate mitochondrial dynamics is still missing.  8 

 9 

4. cAMP signalling at the mitochondrial surface 10 

The mitochondrial compartment most involved in mitochondrial dynamics is the OMM. This 11 

permeable membrane is the first line of separation between mitochondria and the cytosol 12 

of hosting cells, and contains many of the molecular determinants involved in 13 

mitochondrial fission/fusion, motility and mitophagy. Therefore, it is not a surprise that the 14 

OMM harbours the signalling pathways that regulate these processes. Indeed, the OMM is 15 

widely accepted as a site hosting significant PKA activity [18, 33, 48]. We recently showed 16 

that the PKA activity at the OMM persists longer than in the cytosol, thanks to a yet 17 

unidentified mechanism that may rely on phosphatases [18]. PKA tethering at the OMM is 18 

granted by several AKAPs [33, 49-51], and it is well accepted that the cAMP/PKA axis 19 

activity at the OMM regulates several processes, such as mitochondrial protein import [52, 20 

53], apoptosis [50, 54, 55], autophagy [56, 57], mitophagy [58, 59] and mitochondrial 21 

fission and fusion [13, 21].  22 

 23 

5. cAMP regulation of mitochondrial morphology 24 

The relationship between form and function is a biological dogma well reflected by the 25 

importance of mitochondrial dynamics in mitochondrial function and homeostasis. Indeed, 26 
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size, shape, number and interconnectivity of mitochondria change continuously, tuning key 1 

mitochondrial functions (such as ATP production, intermediary metabolism, Ca2+ signalling, 2 

free radical homeostasis, mitochondrial biogenesis and apoptosis) with cellular needs [60, 3 

61]. Variations in mitochondrial size depend on the balance between two highly regulated 4 

and evolutionarily conserved processes, fusion and fission [61, 62]. Mitochondrial fusion is 5 

a fast merging event that allows the exchange of matrix content between adjoining 6 

mitochondria. On the other hand, mitochondrial fission is a regulated dissection process 7 

that, starting from a single organelle, can produce one or more uneven daughter 8 

mitochondria. Both these processes favor the maintenance of a healthy mitochondrial 9 

population; in fact, thanks to fusion events, stressed mitochondria can decrease their 10 

burden (e.g. mutated mitochondrial DNA, toxic ROS species) by sharing it with 11 

neighboring healthy organelles [63, 64]; on the other side, thanks to fission, irreversibly 12 

damaged organelles, or parts of, are isolated from the healthy mitochondrial population 13 

and eliminated by mitophagy (figure 1) [65]. Therefore, it does not come as a surprise that 14 

unbalanced mitochondrial fission or fusion leads to pathological conditions [66, 67]. 15 

 16 

Fission and fusion are dynamic and reversible processes that depend on the coordination 17 

of a number of proteins and can occur rapidly in response to specific stimuli [68, 69]. The 18 

fast timing of fusion and fission is not compatible with transcriptional regulation of their 19 

machineries; indeed, these processes are mainly regulated by post-translational 20 

modifications [70]. In particular, an important regulatory mechanism is the reversible 21 

phosphorylation downstream the two main second messengers, Ca2+ and cAMP.  22 

A number of proteins have been identified as key players of mitochondrial fusion. Mitofusin 23 

1 (Mfn1) and 2 (Mfn2), both necessary for canonical OMM fusion, are large GTPases 24 

localized at the OMM, where they can initiate the interaction of two adjacent mitochondria 25 

[71]. Another protein essential to fusion is optic atrophy 1 (OPA1), a conserved GTPase of 26 
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the dynamin family, localized at the IMM [72]. OPA1 exerts a number of important 1 

functions, from stabilizing mitochondria cristae to mediate IMM fusion [61]. 2 

 3 

Mitochondrial fission is mainly driven by dynamin-related protein 1 (Drp1), a cytosolic 4 

GTPase that, in response to specific stimuli, accumulates on the OMM, where it forms 5 

homopolymeric structures at the constriction points of the separating mitochondria. 6 

Several receptor proteins may participate in the recruitment of activated Drp1 to the OMM: 7 

mitochondrial fission protein 1 (Fis1), mitochondrial fission factor (Mff), mitochondrial 8 

dynamics proteins of 49 and 51 kDa (MiD49 and MiD51), to cite some. Fis1 is uniformly 9 

localized at the OMM and was the first to be proposed as Drp1 receptor; however the role 10 

of Fis1 in Drp1-dependent mitochondrial fission was challenged and is still debated [73-11 

77]. Mitochondrial constriction and division occur at sites which are in contact with the 12 

endoplasmic reticulum, with the concerted contribution of the cytoskeletal machinery [78]. 13 

At these sites, Drp1 is organized into a ring-like complex that restricts, bringing the lipid 14 

bilayers of the two membranes in close proximity [79], although not close enough to allow 15 

membrane fission [80, 81]. The final step of fission is performed by the classical dynamin-2 16 

(Dyn-2), recruited to the fission sites by Drp1 [81].  17 

While Dyn-2 is the final effector of the fission event, the first, and probably most important, 18 

regulatory node of this process is Drp1. This protein is the main target of several signalling 19 

pathways regulating fission: it undergoes many types of post-translational modifications 20 

(phosphorylation, S-nitrosylation, SUMOylation, ubiquitination, and O-GlcNAcylation), each 21 

of these processes affecting distinct steps of mitochondrial fission. Among them, reversible 22 

phosphorylation is probably the most effective mechanism for differentially regulating Drp1 23 

activity. Indeed, Drp1 phosphorylation at multiple serine residues (S600, S616, S637) by 24 

different kinases (PKA, CaMKIα, CDK/Cyclin B, ERK1/2, PKCδ) has distinct and 25 

sometimes opposing effects on fission (reviewed in [82]).  26 
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PKA activation results in the phosphorylation of a conserved S637 residue (S656 in rat 1 

splice variant 1 [83]), located at N-terminus of the Drp1 GTPase effector domain (GED). 2 

Drp1 S637 phosphorylation regulates its GTPase activity [83, 84], as well as its 3 

localization: Drp1 phosphorylated at S637 is not recruited at mitochondria but retained in 4 

the cytosol, thus inhibiting mitochondrial fission, leaving fusion unopposed, and eventually 5 

resulting in elongated organelles [83] . While phosphorylation of Drp1 S637 is under the 6 

control of cAMP, its dephosphorylation can be induced by Ca2+. Indeed, high cytosolic 7 

Ca2+ levels result in the activation of calcineurin (CaN), a Ca2+- and calmodulin-dependent 8 

protein phosphatase, which dephosphorylates Drp1 inducing mitochondrial fission [83, 85]. 9 

At a functional level, the crosstalk between cAMP and Ca2+ goes beyond modulating 10 

mitochondrial shape, and significantly impacts mitochondrial and cellular homeostasis. 11 

Indeed, CaN activation results in Drp1 activation, mitochondrial fission and consequently 12 

promotes mitophagy and, in some cases, apoptosis [83, 85]. On the contrary, activation of 13 

PKA or genetic ablation of CaN results in inhibition of mitochondrial fission, elongation of 14 

mitochondria, increase in mitochondrial respiration [86] and increased cell resistance and 15 

survival [25, 87].  16 

 17 

While it is well established that PKA is tethered at the OMM thanks to AKAPs [13, 33], it is 18 

not entirely clear which PKA pool, the OMM-bound or the cytosolic one, is responsible for 19 

Drp1 regulation. A possible scenario would be that OMM-bound PKA phosphorylates Drp1 20 

in situ facilitating its release from mitochondria, while cytosolic PKA ensures that Drp1 21 

stays in its inactive status until a fission-inducing dephosphorylation becomes dominant. 22 

Strong evidence supports this possibility, as, for instance, depletion of AKAP1, the main 23 

tether of PKA at the OMM, by specific knock down [88, 89] or in response to hypoxia [89], 24 

results in Drp1 dephosphorylation and mitochondrial fission. As we will discuss later, a 25 

similar effect was also observed by delocalizing PKA from AKAP1 through overexpression 26 
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of PINK1 [59]. Accordingly, AKAP1 was identified as a neuroprotective and mitochondria-1 

stabilizing factor in neuronal cells [88].  2 

 3 

True to its ambiguous and pleiotropic nature, the cAMP signalling cascade has been 4 

recently proposed to induce also mitochondrial fragmentation. Indeed, Wikstrom and 5 

colleagues demonstrated that PKA-dependent phosphorylation of Drp1 at S637 in 6 

response to adrenergic stimulation, when occurring in concomitance with increased 7 

cellular free fatty acids, results in mitochondrial fragmentation in primary brown adipocytes 8 

[90]. This was proposed as the mechanism through which brown adipocytes would shift 9 

mitochondria to a more energy consuming and heat producing mode of function [90]. The 10 

mechanistic involvement of PKA-dependent phosphorylation of Drp1 at S637 into 11 

mitochondrial fragmentation is not well understood. Nevertheless, phosphorylation of Drp1 12 

at the same site by another kinase, CaM kinase I alpha (CaMKIα), was also observed to 13 

fragment mitochondria in hippocampal neurons [91].  14 

 15 

To date, very few data are available on the role of cAMP/PKA signalling on the molecular 16 

players of the other major shape-defining event, fusion. PKA can phosphorylate Mfn2 on 17 

S442, leading to cell growth arrest in rat vascular smooth muscle cells [92]. For its part, 18 

OPA1 was suggested to act as an AKAP targeting PKA on lipid droplets, in order to 19 

facilitate lipolysis in response to cAMP elevations downstream beta adrenergic activity 20 

[93]. However, despite the involvement of mitochondrial shaping proteins, these effects 21 

seem to be independent of mitochondrial morphology. Recently, Signorile et al. showed 22 

that a decrease in mt-cAMP led to a reduction in the levels of the deacetylase sirtuin 3 23 

(Sirt3), resulting in hyperacetylation and proteolytic processing of OPA1, leading to 24 

mitochondrial fission and eventually apoptosis [94]. While these reports open the 25 

possibility of a role for cAMP in the process of fusion, strong experimental evidence is still 26 
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lacking; it may be, however, challenging to dissect a possible pro-fusion effect from the 1 

well studied anti-fission actions of the cAMP/PKA axis. 2 

 3 

6. cAMP/PKA regulation of mitophagy and autophagy  4 

Autophagy is the process through which cells disassemble cellular components to use 5 

them as an alternative source of energy at critical times, as during nutrient deprivation. 6 

This process is also an important housekeeping mechanism in clearing damaged cellular 7 

components, from misfolded proteins to entire organelles. Autophagy can be either a 8 

general or a selective process. Non-selective autophagy allows tissue remodelling during 9 

development [95, 96] and is activated during starvation, providing the cells with energy 10 

metabolites used to survive under stress conditions. Selective autophagy, on the other 11 

hand, is important for the degradation of protein aggregates and dysfunctional or 12 

superfluous organelles. Damaged mitochondria are eliminated through a specific type of 13 

selective autophagy called mitophagy, a process of paramount importance, being the core 14 

mechanism for mitochondria quality and quantity control. Mitophagy can be ubiquitylation- 15 

or receptor-mediated. The first eliminates damaged organelles while the second is 16 

responsible for hypoxia- [97] or developmental-induced [98-100] mitochondrial clearance. 17 

 18 

Autophagy starts with the recognition of the components to be eliminated and the 19 

formation, around them, of a double membrane-bound vesicle named autophagosome. In 20 

receptor-induced mitophagy, this step depends on a number of receptors (NIX [101]; 21 

BNIP3 [97]; FUNDC1 [102]) that directly interact with the autophagosome membrane. On 22 

the other hand, for the ubiquitylation-dependent pathway this step is controlled by the 23 

crosstalk between the PTEN-induced putative kinase 1 (PINK1), a mitochondrial protein 24 

that accumulates selectively on the surface of depolarized mitochondria [103], and an E3 25 

ubiquitin ligase called Parkin. PINK1-dependent recruitment of Parkin on mitochondria 26 
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triggers the extensive ubiquitylation and the subsequent degradation of several OMM 1 

proteins, resulting in the impairment of mitochondrial fusion [104, 105]. Subsequently, pro-2 

fission proteins such as Drp1 [65] and autophagy receptors [106, 107] are recruited to 3 

complete the fragmentation and elimination of the targeted organelle. 4 

 5 

The cAMP/PKA axis can regulate mitophagy through modulation of the activity of the pro-6 

fission protein Drp1 [108]. As we discussed previously, PKA phosphorylates Drp1 at S637, 7 

shifting the balance between fusion and fission, ultimately favouring mitochondrial 8 

elongation [83-85]. While mitochondrial morphology per se does not dictate whether an 9 

organelle will undergo mitophagy [108], it has been shown that inhibiting fission or 10 

promoting fusion decreases mitophagy, whereas enhanced fission precedes and facilitates 11 

it [65]. Accordingly, the activation of the cAMP/PKA pathway is often associated with an 12 

inhibitory effect on mitophagy (figure 1). That being said, regulating mitochondrial size 13 

through Drp1 phosphorylation is not the only signalling node between the cAMP pathway 14 

and mitophagy.  15 

 16 

In a recent report, activation of PKA resulted in the phosphorylation of components of 17 

MICOS, a multiproteic complex involved in the formation and maintenance of 18 

mitochondrial cristae [109]. Upon PKA-dependent phosphorylation, two MICOS proteins, 19 

MIC60 and MIC19, were able to destabilize PINK1, reducing its level on depolarized 20 

mitochondria and consequently preventing the recruitment of Parkin and the degradation 21 

of these organelles [58]. Thanks to this pathway, PKA may be part of a mechanism that 22 

protects mitochondria with low membrane potential from being degraded. Such process 23 

could be important in specific circumstances, including axonal transport of mitochondria in 24 

neurons [110], or, as we will discuss later, during nutrient starvation [56, 57]. 25 

 26 
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Further evidence of the importance of PKA in inhibiting mitophagy was recently provided 1 

by the finding that artificial targeting of PINK to healthy and fully polarized mitochondria 2 

disturbed the binding of PKA to its OMM tether AKAP1. Displacement of PKA from the 3 

OMM resulted in a marked decrease in Drp1 S637 phosphorylation and induction of 4 

mitochondrial fragmentation [59]. It can be envisioned that PKA expulsion from the OMM 5 

of PINK1-positive organelles confers a high level of selectivity towards damaged segments 6 

of the mitochondrial network versus healthy ones. In fact, an alternative marker for 7 

mitochondrial depolarization could be Ca2+ release from the compromised organelle, 8 

although this signal would rapidly diffuse throughout the cytosol, making the recognition of 9 

damaged organelles challenging. Taken together these findings indicate that the 10 

cAMP/PKA signalling at the OMM is a key component of the pathways that control 11 

mitochondrial recycling. 12 

 13 

Equally important to the elimination of damaged mitochondria is to safeguard healthy 14 

organelles from degradation processes induced by starvation, such as autophagy. Many 15 

decades ago it was observed that during starvation mitochondria enlarge and display 16 

increased cristae and matrix density [111, 112]. This behaviour, that at the time seemed 17 

paradoxical, represents an important escape strategy of mitochondria from starvation-18 

induced autophagy and, interestingly, depends on PKA. Indeed, it was recently 19 

demonstrated that starvation triggers a rise in cAMP levels, which, through PKA activation, 20 

leads to phosphorylation of Drp1 at S637, with consequent inhibition of fission and larger 21 

organelles [56, 57]. Elongated mitochondria exhibit increased density of cristae and higher 22 

dimerization of the mitochondrial ATP synthase, and consequently display higher 23 

efficiency of energy production. On the contrary, mitochondria that fail to elongate during 24 

starvation consume cellular ATP to maintain their membrane potential, rapidly leading the 25 

cell to a bioenergetic crisis, which culminates with death [56]. 26 
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 1 

Thanks to these studies, mitochondrial elongation is now recognised as a stereotypical 2 

response to limited nutrient supply, when cells need to maximize the efficiency of energy 3 

production. Under these conditions energy production relies mainly on internal substrates, 4 

such as amino acid and fatty acid (FA) catabolism. During starvation, autophagy 5 

replenishes lipid droplets with FAs, which can then be efficiently transferred only to 6 

elongated mitochondria [113]. Elongated mitochondria are crucial for the efficient 7 

progression of the autophagic process, not only because of their ability to use FAs, but 8 

also because they provide the membranes necessary for the formation of the 9 

autophagosome [114]. In line with these findings, it was reported that glicolytic metabolism 10 

is a prerequisite for Parkin recruitment and mitophagy, a process that does not affect 11 

efficiently respiring mitochondria [115, 116]. 12 

 13 

In starving conditions, a decrease of ATP is matched by an increase in AMP, followed by 14 

activation of 5’ AMP-activated protein kinase (AMPK) [117]. Interestingly, in response to 15 

mitochondrial damage AMPK was shown to phosphorylate Mff resulting in mitochondrial 16 

recruitment of Drp1 and consequent fragmentation [118]. It is therefore worth to note that 17 

during starvation the cAMP/PKA-dependent mitochondrial elongation counteracts the 18 

AMPK-driven fission. It is tempting to speculate that cAMP is the extra signal that may 19 

enable the cell to distinguish between damage and energetic demand. In support to this 20 

idea, PKA was found to phosphorylate and inhibit the activation of AMPK in adipocytes 21 

during β-adrenergic-induced lipolysis [119], and in hepatic cancer cells upon both 22 

glucagon administration [120] and glucose starvation [121]. Activation of PKA in response 23 

to glucose starvation may counteract AMPK-induced apoptosis. Indeed Palorini and 24 

colleagues, exploiting thorough omics approaches, showed that the survival of cancer 25 

cells in glucose limiting conditions requires the cAMP/PKA axis activation, and is mediated 26 
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by induction of autophagy and glutamine metabolism [122]. A direct connection of these 1 

phenotypes with mitochondrial function, and how nutrient deprivation translates in a cAMP 2 

signal, is not yet demonstrated; however there is plenty of evidence to allow, or better, 3 

dictate such working hypothesis.  4 

 5 

7. cAMP and mitochondrial motility  6 

The ability of a cell to perform simultaneously different tasks largely depends on the 7 

intrinsic properties of cellular structure and morphology (e.g. lengths and diameters) that 8 

physically define the sites where distinct events take place. In addition to a spatial 9 

platform, these locations have to provide the necessary elements for their designated 10 

activity, including energy and metabolites. Being important energy and signalling 11 

regulators, mitochondria participate in the creation of such intracellular niches and this is 12 

reflected in the elaborated mechanisms that cells developed for controlling mitochondrial 13 

recruitment in the sites of interest [123]. Indeed, despite being continuously trafficked 14 

around the cell, mitochondria display a well-organised distribution pattern that, if disturbed, 15 

impair many key cellular processes.   16 

 17 

The neuronal cell represents a prototypical example of the importance that mitochondria 18 

can assume for the task-specificity of subcellular domains. Neurons are high-energy 19 

demanding cells with well-defined structural domains, each with diverse needs and 20 

functions [124]. Mitochondria have to be present in high numbers not only at the cell soma, 21 

but also at distal synapses that are connected to the cellular body through long and tight 22 

axonal processes. Mitochondria can reach these sites thanks to several proteins acting as 23 

adaptors and molecular motors. These complexes are controlled by signalling events that 24 

determine the direction, velocity and disengagement of the organelle from its trafficking 25 

apparatus [125]. Once mitochondria become stationary, they integrate themselves to the 26 
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local environment, contributing energy, metabolites and participating to the local signalling 1 

(e.g. buffering Ca2+). Once their job is done, or whether damage occurs, mitochondria 2 

become motile again, in order to reach the next site of interest or to engage their 3 

degradation machinery [124, 126].  4 

 5 

Mitochondrial trafficking involves the coordinated actions of motor proteins associated with 6 

the microtubular network. Microtubules are rigid structures with clear polarity, as their “plus 7 

end” points invariably to the periphery of the cell. A large number of molecular motors 8 

associate with microtubules, however mitochondria are propelled mainly by two groups of 9 

motor proteins, the minus end-directed dynein and the large family of plus end-directed 10 

kinesins [127]. In neurons, kinesins promote mitochondrial trafficking versus the synapse 11 

(anterograde movement), while dynein pushes towards the opposite direction (retrograde 12 

movement). Mitochondria engage kinesin/dynein motors with the aid of adaptor proteins 13 

that mediate the interaction between the motor and mitochondrial membrane receptors. In 14 

mammals, Trafficking Kinesin Protein (TRAK) 1 and 2 are the main adaptor proteins that 15 

bridge the OMM-embedded receptor protein Miro, and the molecular motors of the KIF5 16 

cargo-binding domain and dynein [125, 128, 129]. While Miro recruits KIF5 via its binding 17 

with TRAK 1/2, another mitochondrial receptor protein, syntabulin, is able to link directly 18 

KIF5 to mitochondria [130, 131]. Once mitochondria reach their destination, they have to 19 

become stationary and join the local pool of organelles. This can be done by disengaging 20 

the transport machinery, or thanks to anchoring mechanisms able to halt the motor-driven 21 

transport. One of such anchor proteins is syntaphilin, an axon-targeted OMM protein that 22 

can act as an anchor and immobilize mitochondria in axons [132, 133].  23 

 24 

As all cellular transport processes, mitochondrial motility and transport are under the strict 25 

control of signalling pathways [134, 135]. A classic example of mitochondrial movement 26 
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control is the Ca2+ sensitivity of Miro, achieved through its Ca2+-binding EF-hands [136]. 1 

When mobile mitochondria enter a microenvironment of elevated Ca2+ concentration, such 2 

as an active synapse, Ca2+ binds to the Miro-EF hands and immobilizes the organelle by 3 

impacting on the KIF5-Miro-TRAK complex through a debated mechanism [129, 137-139].  4 

 5 

Another critical regulator of mitochondrial transport is reversible phosphorylation, and PKA 6 

is one of the kinases proposed to come into play. Interestingly, the cAMP signalling 7 

pathway regulates many of the proteins involved in mitochondrial transport. Indeed, PKA 8 

has been shown to phosphorylate members of the kinesin family [134, 135], as well as 9 

dynein [140] and syntaphilin [141], while cAMP-dependent activation of its other major 10 

effector Epac2 results in phosphorylation of syntabulin [142]. Despite clear biochemical 11 

evidence of their cAMP-dependent phosphorylation, none of these proteins has been 12 

associated to the effects of cAMP in mitochondrial movement. However, as discussed 13 

later, since cAMP was observed to both promote and inhibit mitochondrial transport, it 14 

would not be a surprise if these proteins are at the core of its opposing effects. 15 

 16 

The effects of cAMP in mitochondrial motility in mouse brainstem neurons were first 17 

observed using two-photon microscopy. When respiratory neurons were treated with the 18 

phosphatase inhibitor calyculin A, mitochondria movement was strongly inhibited, 19 

suggesting an important role of reversible phosphorylation in this process. In the same 20 

study, inhibition of MAP kinase or tyrosine kinase had no effect while the cAMP-increasing 21 

agents forskolin (a non-specific activator of tmACs) and 3-isobutyl-1-methylxanthine 22 

(IBMX, a broad-range PDE inhibitor), strongly, and reversibly, reduced mitochondrial 23 

movement [143]. Similarly, in hippocampal neurons IBMX reduced mitochondrial 24 

movement through a mechanism that may involve the Akt-GSK3β signalling pathway 25 

[144]. In contrast with these reports, Xu and colleagues measured mitochondrial transport 26 
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in zebrafish M-cells and found that treatment with the cell permeant cAMP analog db-1 

cAMP augmented mitochondrial motility and increased the speed of their anterograde-2 

movement [145]. The authors argue that db-cAMP-dependent amelioration of 3 

mitochondrial movement contributes to the well-documented regenerative actions of db-4 

cAMP [146, 147]. However, it is important to note that db-cAMP is a metabolically 5 

activatable PKA agonist that, when applied, releases butyrate due to intracellular and 6 

extracellular esterase action. Since butyrate was shown to have distinct biological effects 7 

independent of cAMP [148], experiments using other cAMP analogs or different means to 8 

increase cellular cAMP (e.g forskolin or IBMX) would be needed to consolidate these 9 

findings.  10 

 11 

Recently, Ogawa and colleagues found that a multiproteic complex involving Miro, TRAK1, 12 

Disrupted In Schizophrenia 1 (DISC1), the dynein regulator NDE1 and the kinase GSK3β 13 

participates in mitochondrial trafficking [149]. Since NDE1 can be phosphorylated by PKA 14 

at T131 in a DISC1/PDE4-dependent manner [150], the authors hypothesized a role of the 15 

cAMP/PKA axis in the regulation of this complex, and consequently on mitochondrial 16 

movement. The phosphomimetic NDE1 T131E mutant abolished retrograde mitochondrial 17 

movement, while the phosphodead NDE1 T131A did not, suggesting PKA-dependent 18 

inhibition of mitochondrial retrograde movement. However, the authors were unable to 19 

replicate the effects of NDE1 T131E mutant by raising intracellular cAMP levels. 20 

Surprisingly, treatment of neuronal cell lines with a mixture of forskolin and IBMX resulted 21 

in a significant increase in retrograde-moving mitochondria [149]. Although the molecular 22 

mechanism remains unclear, these data suggest an involvement of cAMP in directional 23 

mitochondrial motility. Based on clear evidence suggesting that in neurons cAMP 24 

concentrations vary drastically between the cell body, axon and boutons [151, 152], 25 

travelling mitochondria will come in contact with gradients of cAMP which may differently 26 
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affect their motility. Given the importance of both mitochondrial movement and cAMP in 1 

psychiatric disorders, it would be of primary importance to understand the molecular 2 

mechanisms underlying the involvement of cAMP in mitochondrial trafficking [153, 154]. 3 

 4 

8. Concluding remarks 5 

Several lines of evidence suggest that mitochondrial fission, fusion, motility and mitophagy 6 

are crucial for mitochondrial homeostasis and strictly regulated. Indeed, identifying the 7 

targets of the signalling pathways that control these processes would enable us to 8 

manipulate mitochondrial behaviour and consequently modulate mitochondrial 9 

pathophysiology [24, 155]. The cAMP signalling pathway presents a number of 10 

characteristics that would make it an optimal candidate for the exogenous regulation of 11 

mitochondrial homeostasis. As showcased in this review, cAMP is involved in the 12 

regulation of mitochondrial dynamics at different levels and, interestingly, its actions are 13 

consistently beneficial both for mitochondria and the host cell. As a matter of fact, 14 

activation of PKA at the OMM is a well-recognised pro-survival signal [54, 88], while, 15 

thanks to the cAMP/PKA axis, mitochondria elongate to escape unnecessary degradation 16 

[56, 57]. In addition, the cAMP cascade opposes non-selective mitophagy by 17 

phosphorylating MICOS components and destabilizing PINK1 [108, 109]. Finally, recent 18 

experimental evidence suggests that the cAMP/PKA axis may participate in the re-19 

distribution of damaged mitochondria from the axons to the soma of neurons, hence 20 

facilitating their degradation [149]. Despite this promising evidence, our understanding of 21 

how cAMP signalling events are integrated and regulate mitochondrial dynamics remains 22 

incomplete. For starters, it is not clear which PKA pools (the ones present at the OMM or 23 

those free in the cytosol) are responsible for the regulation of each dynamic process [18]. 24 

In addition, it remains obscure whether specific cAMP-generating stimuli aiming to 25 

specifically manipulate mitochondrial dynamics can be triggered by the cell or the 26 
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organelles. Finally, while it is conceivable that PKA phosphorylates a different cohort of 1 

targets during the regulation of each process (fission/fusion, mitophagy and transport), 2 

most of these proteins remain unknown. We believe that combining live cell imaging [156, 3 

157] to molecular and biochemical approaches [158-161] will facilitate the identification of 4 

the molecular mechanisms and targets through which cAMP exerts its regulatory actions 5 

on mitochondrial dynamics. The employment of such multidisciplinary approach promises 6 

to generate a wealth of information that will pave the road to novel therapeutic lines 7 

against mitochondrial-related disease. 8 

  9 
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12. Figure Legends  1 

 2 

Figure 1: Schematic representation of the involvement of the cAMP/PKA axis in the 3 

regulation of mitochondrial fission/fusion cycles and mitophagy.  4 
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Highlights 

 

• Mitochondrial dynamics are controlled by mitochondrial and cell signalling pathways  

 

• Mitochondrial host cAMP/PKA signalling microdomains 

 

• cAMP is a key player in the orchestration of mitochondrial dynamics 

 

• PKA phosphorylation of mitochondrial targets regulates fission, mitophagy & motility 

 

 

 




