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PERSPECTIVE

Intracellular compartmentation of 
cAMP promotes neuroprotection and 
regeneration of CNS neurons  

In the central nervous system (CNS), cyclic adenosine mo-
nophosphate (cAMP) plays a critical role in numerous, often 
concurrent, neuronal functions including survival, growth, 
differentiation and synaptogenesis. Elucidating the mechanisms 
by which this ubiquitous secondary messenger influences these 
processes is crucial to understanding why CNS neurons fail to 
regenerate after injury or in disease. Several survival and growth 
promoting pathways have been linked to cAMP signaling in 
neurons, including mitogen-activated protein kinase (MAPK), 
phosphatase and tensin homolog (PTEN), and signal trans-
ducer and activator of transcription 3 (STAT3), however, the 
molecular mechanisms by which cAMP specifically influences 
these pathways is still unclear. Recent evidence suggests that the 
context, extent and means by which cAMP signaling takes place 
account for its ability to simultaneously regulate survival and 
growth within neurons (Corredor et al., 2012; Wang and Cam-
eron et al., 2015; Averaimo et al., 2016). These findings raise 
further questions about how cAMP signaling and survival sig-
naling itself change after injury or in disease, and to what degree 
the intracellular compartmentation of cAMP signals is critical 
for its function in regulating neuroprotection and regeneration 
(Cameron and Goldberg, 2016).  

In mammals, cAMP is synthesized by a family of nine trans-
membrane adenylyl cyclases (tmACs, AC1-9) and one bicar-
bonate-and calcium-sensitive soluble adenylyl cyclase (sAC, 
AC10). Neurons express six tmACs, as well as sAC, and thus 
likely employ multiple cAMP signaling mechanisms to regulate 
survival and growth. In retinal ganglion cell (RGC) neurons, 
electrical activity potentiates neurotrophic responsiveness in a 
cAMP-dependent manner, presumably through the increase of 
intracellular calcium. Interestingly, pharmacological inhibition 
and gene deletion of calcium-sensitive tmACs have no effect 
on baseline RGC survival or growth (Corredor et al., 2012). 
Conversely, inhibiting sAC signaling decreases RGC growth, 
and sAC gene knockout (KO) severely perturbs normal RGC 
and photoreceptor differentiation (Shaw et al., 2016). Thus, it 
appears that sAC, and not tmACs, is the major source of cAMP 
that drives survival and growth signaling in CNS neurons. Still, 
these findings only partially explain how sAC-derived cAMP 
may influence these processes, as sAC is expressed in multiple 
subcellular compartments including the nucleus, mitochondria 
and cytoplasm (Corredor et al., 2012). Further still, cAMP acti-
vates three distinct effectors, protein kinase A (PKA), exchange 
protein directly activated by cAMP (EPACs) and cyclic nucle-
otide-gated channels (CNGC), which themselves can differen-
tially influence numerous downstream signaling pathways. How 
then does sAC-derived cAMP precisely modulate survival and 
growth in CNS neurons?   

A general hypothesis is that cAMP specificity is achieved 
through compartmentalization and local control of cAMP dy-
namics. This notion is supported by a report that ephrin-depen-
dent retraction of axonal arbors was reliant on cAMP signaling 
around lipid rafts (Averaimo et al., 2016). Moreover, axon re-
traction could only be provoked by acute changes in cAMP and 
not sustained cAMP elevation, underscoring the multiple ways 
in which cAMP must be precisely controlled to elicit a specific 

effect. In addition to regulated and compartmentalized cAMP 
synthesis, cAMP dynamics are modulated by phosphodiester-
ases (PDEs), a large, diverse family of enzymes that degrade 
cyclic nucleotides and control their concentration, localization 
and lifetime. PDE activity has been linked to neuronal survival, 
growth and synapse formation. For example, Rolipram, a selec-
tive PDE4 inhibitor, reportedly promotes neuroprotection and 
perturbs axon dieback following acute spinal cord injury (Schaal 
et al., 2012). Further, synaptic plasticity and memory can be 
impaired by expression of a full length PDE4A5 isozyme in hip-
pocampal neurons that associates with dendritic compartments 
but not a PDE4A5 truncation mutant (lacking an N-terminal 
targeting domain) that localizes exclusively in the perinuclear 
space (Havekes et al., 2016). Together, these data support the 
hypothesis that subcellular localization and strict control of 
cAMP levels by sAC and PDEs impart the specificity required to 
regulate growth, survival and synaptogenesis in CNS neurons. 
But what dictates where sAC-derived cAMP signaling takes 
place within a neuron?   

Spatial-temporal control of cAMP signaling is often conferred 
by a heterogeneous family of multivalent scaffold proteins called 
A-kinase anchoring proteins (AKAP), so-called due to their 
binding of the cAMP effector PKA. AKAPs are expressed in ev-
ery cell type, but have been especially well-characterized in car-
diac myocytes and neurons where they facilitate localized sig-
naling within distinct microdomains through the organization 
of signalosomes containing specific isoforms of ACs, PDEs and 
PKAs. In addition, AKAPs enable crosstalk between the cAMP 
pathway and known regulators of neuronal growth and survival 
such as extracellular signal-regulated kinases (ERKs) and calci-
um-regulated nuclear factor of activated T-cells (NFAT) tran-

Figure 1 Model of compartmentalized cAMP signaling in neurons. 
(1) Electrical activity and calcium entry activate soluble adenylyl cyclase 
(sAC), causing an increase in intracellular cyclic adenosine monophosphate 
(cAMP) and activation of tetrameric protein kinase A (PKA) via dissocia-
tion of the regulatory (R) and catalytic subunits (C). (2) PKA regulates its 
own activity by phosphorylating and activating phosphodiesterase 4 (PDE4) 
in a negative feedback loop controlling cAMP. A-kinase anchoring protein  
scaffolds (such as AKAP6) confer specificity to cAMP signals by facilitating 
PKA-mediated phosphorylation of downstream effectors such as extracel-
lular signal-regulated kinases (ERKs) and nuclear factor of activated T-cells 
(NFAT) transcription factors that promote survival and growth signaling. (3) 
Compartmentalized cAMP-synthesis (mediated by sAC) can also specify 
pro-survival signaling in the nucleus by directly activating cAMP response 
element-binding protein (CREB)-mediated transcription. (4) Similarly, 
mitochondrial-associated sAC is well positioned to respond to metabolic 
changes in the cell due to its sensitivity to bicarbonate (HCO3) that is con-
verted from CO2 and H2O generated during respiration.
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scription factors (Murphy et al., 2014). Multiple AKAP proteins 
are expressed in CNS neurons, including AKAP5 (AKAP79/150) 
that is enriched at the post-synaptic density, mitochondrial 
AKAP1 and perinuclear AKAP6 (mAKAP). AKAP5 is the most 
well defined and has been shown to simultaneously coordinate 
PKA- and EPAC-mediated phosphorylation of protein kinase 
B (PKB/AKT), a known regulator of axon growth (Nijholt 
et al., 2008). AKAP5 also couples L-type voltage-gated Ca2+ 

channels with downstream effectors including the calcium/
calmodulin-dependent phosphatase calcineurin suggesting 
it may facilitate transduction of electrical signals with other 
calcium sensitive enzymes, such as sAC (Murphy et al., 2014). 
Thus, AKAPs along with their specific signaling partners serve 
as critical nodes that spatially constrict cAMP within distinct 
subcellular compartments that ultimately dictates how a neuron 
will respond to a given stimulus.   

In neurons, elevation in local cAMP levels is dependent upon 
activation of the specific AC in that compartment, which can 
be influenced by numerous factors, including electrical activ-
ity, ion influx and extrinsic signals. Likewise, the importance 
of regulated cyclic nucleotide degradation by PDEs cannot be 
understated as they act to locally buffer cAMP levels, mitigat-
ing its diffusion and preventing off-target activation of cAMP 
effectors. All these actions are coordinated by AKAPs which 
localize specific ACs, PDEs and their effectors within discrete 
signalosomes throughout the cell. Thus the context (i.e., stim-
ulus, location and associated protein milieu) in which an AC 
is activated ultimately determines the degree cAMP levels are 
elevated and its given effect. Recently, we reported that nuclear 
envelope-associated AKAP6 (Figure 1) (mAKAP) is dispens-
able during RGC development, but required for cAMP and neu-
rotrophic mediated growth after injury (Wang and Cameron et 
al., 2015). These data imply that the cAMP-mediated pathways 
underlying developmental growth and survival may differ from 
those that promote neuroprotection and regeneration. Our 
findings indicate that AKAP6 coordinates pro-survival cAMP 
signaling in injured RGCs, but do other AKAP scaffolds play a 
role as well? Ultimately, a better understanding of the molecular 
mechanisms underpinning how cAMP signaling changes after 
injury will be necessary to identify novel therapeutic targets that 
promote neuroprotection and regeneration in the mature CNS. 

Spatial control of cAMP signals is particularly relevant in 
neurons whose cell bodies are separated from their axons by 
long distances. In this regard, live cell imaging using compart-
mentally targeted cAMP-FRET sensors could be used to explore 
subcellular cAMP-signaling in neurons. Currently, genetically 
encoded EPAC- and CNGC-based FRET sensors are capable 
of measuring sub-micromolar changes in cAMP, and with the 
addition of targeting peptides would be well suited for such 
experiments. Similarly, in vitro and in vivo KO of specific ACs, 
PDEs and AKAPs will likely lead to the identity and localization 
of cAMP-signaling molecules that influence neuronal survival 
and growth after injury. In some cases this may require KO of 
multiple ACs or PDEs to account for compensation by similarly 
regulated isozymes (i.e., calcium sensitive AC1 and AC8). The 
use of competing peptides to disrupt AKAP-PDE or AKAP-
AC interactions will also be useful in clarifying how specific 
interactions within the signalosome impact these processes. 
Development of tools that disrupt or activate cAMP signaling 
in specific compartments would not only be of interest for re-
search, but also therapeutically. Lastly, a recent paper reported 
that a combination of light-evoked neural stimulation and acti-
vation of intrinsic growth programs after crush injury promotes 
long-range regeneration of RGC axons to brain targets and lim-

ited functional recovery (Lim et al., 2016). These results further 
support the hypothesis that light-evoked electrical activity stim-
ulates sAC-derived cAMP synthesis in axons and suggests that 
subcellular localization of pro-survival and pro-growth signals 
will likely be necessary to achieve significant regeneration and 
functional recovery after CNS injury.  
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