Biotechnology
Journal

www.biotechnology-journal.com

Biotechnol. ). 2014, 9, 192-202

Review

DOI 10.1002/biot.201300202

Decoding spatial and temporal features of neuronal cAMP/PKA

signaling with FRET biosensors

Liliana R. V. Castro"?, Elvire Guiot"?, Marina Polito™?, Daniéle Paupardin-Tritsch’? and Pierre Vincent"?*

TCNRS UMR7102, Paris, France
2Sorbonne Universités, UPMC Univ Paris 06, UMR7102, Paris, France

Cyclic adenosine monophosphate (cAMP) and the cyclic:AMP-dependent protein kinase (PKA)
regulate a plethora of cellular functions in virtually all eukaryotic cells. In neurons, the cAMP/PKA
signaling cascade controls a number of biological properties such as axonal growth, pathfinding,
efficacy of synaptic transmission, regulation of excitability, or long term changes. Genetically
encoded optical biosensors for cAMP or PKA are considerably improving our understanding of
these processes by providing a real-time measurement in living neurons. In this review, we
describe the recent progress made in the creation of biosensors for cAMP or PKA activity. These
biosensors revealed profound differences in the amplitude of the cAMP signal evoked by neuro-
modulators between various neuronal preparations. These responses can be resolved at the level
of individual neurons, also revealing differences related to the neuronal type. At the sub-cellular
level, biosensors reported different signal dynamics in domains like dendrites, cell body, nucleus,
and axon. Combining this imaging approach with pharmacology or genetic models points at phos-
phodiesterases and phosphatases as critical regulatory proteins. Biosensor imaging will certainly
emerge as a forefront tool to decipher the subtle mechanics of intracellular signaling. This will cer-
tainly help us to understand the mechanism of action of current drugs and foster the development

Received 01 JUL 2013
Revised 02 DEC 2013
Accepted 08 JAN 2014

of novel molecules for neuropsychiatric diseases.
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1 Introduction

The cyclic adenosine monophosphate (cAMP) and pro-
tein kinase A (PKA) signaling pathway is involved in vir-
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tually all physiological processes. A number of G-protein
coupled receptors control cAMP production via stimula-
tory (Gs) or inhibitory (Gi) G-proteins, respectively. These
G-proteins modulate the activity of adenylyl cyclase (AC),
a transmembrane enzyme, which produces cAMP. cAMP
affects various downstream effectors, including cyclic
nucleotide gated (CNG) channels [1], cationic channels
activated by hyperpolarization of the I family [2],
exchange protein directly activated by cAMP (Epac) [3],
and cAMP-dependent PKA [4, 5].

The cAMP/PKA signal, like many other cellular sig-
nals, should be understood in the multiple dimensions of
the living cell. The temporal dimension is obviously a crit-
ical one, as the PKA signal rises following a stimulus and
then declines over time as the stimulus is removed and/or
feedback mechanisms revert the signal to baseline. The
spatial dimension also plays a role since the concentration
of signaling molecules decreases with distance: cAMP
diffuses into the cytosolic volume and is degraded by

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Biotechnology
Journal

www.biotechnology-journal.com

phosphodiesterases (PDE), processes classically modeled
with reaction-diffusion equations. Protein—protein inter-
actions, like those mediated by A kinase anchoring pro-
teins (AKAPs) or proteins interacting with membrane
receptors, maintain all partners of the signaling cascade
in close proximity in signaling microdomains [6-8]. In
addition to these factors, the geometry of the cell can
affect signal integration, with a high surface-to-volume
ratio favoring the accumulation of cAMP and the activa-
tion of PKA in thin dendrites versus the cell body [9]. Tem-
poral and spatial features of intracellular signal integra-
tion are critical in the particular case of neurons: these
cells exhibit complex morphological domains such as
dendritic tree, spines, cell body, and axon, each endowed
with specific functions. Biosensor imaging is therefore
highly needed to help understand the fundamental mech-
anisms involved in signal integration in neurosciences.

The last decade has seen the development of biosen-
sor imaging to monitor specific intracellular events [10,
11]. A number of such sensors were created for various
biological signals, some of these being designed more
specifically for applications in neurosciences, like geneti-
cally encoded calcium or voltage indicators [12, 13] or glu-
tamate indicators [14—17]. In this rapidly growing field,
this review focuses specifically on the cAMP/PKA signal-
ing cascade in neurons, although many aspects could be
transposed to other signaling cascades.

2 FRET-based sensors to detect cAMP
or PKA signals

The use of biochemical approaches such as radioim-
munoassay allows for the quantification of total cAMP
concentrations or kinase activities in cell and tissue
homogenates. Although very specific and sensitive, these
biochemical methods require large amounts of cells or tis-
sue, which strongly reduces the temporal resolution and
precludes specific analysis in sub-cellular microdomains.
Ion channels sensitive to cyclic nucleotides such as the
CNG channels and the hyperpolarization-activated cyclic
nucleotide-modulated channels (HCN) [1] provide a way
to monitor changes in cAMP concentration using electro-
physiological recordings. CNG channels have been fur-
ther engineered to improve channel properties [18], and
this approach demonstrated the sub-membrane compart-
mentation of the cAMP signal [19]. The use of such chan-
nels is however difficult in neurons where their expres-
sion would likely perturb excitability and calcium fluxes.
The development of FRET biosensors overcome many of
these limitations by allowing the visualization of cAMP/
PKA signaling in individual cells with high temporal and
spatial resolution.

Many FRET-based biosensors are constituted of a
domain sensitive to the biological signal of interest insert-
ed between two fluorophores, the donor and the acceptor.
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Forster resonance energy transfer (FRET) is a physical
process whereby the energy of an excited fluorophore (the
donor) is transferred by resonance to a neighboring fluo-
rophore (the acceptor), a phenomenon that strongly
depends on the relative distance and/or orientation
between the donor and acceptor [20, 21]. The biological
signal triggers a conformational change of the sensor moi-
ety, which modifies the extent of FRET from donor to
acceptor upon donor excitation, leading to reciprocal
changes in fluorescence intensities at the wavelength of
donor and acceptor. A number of FRET biosensors have
been devised in the last decade [11, 22] and we will focus
here on biosensors specifically developed to monitor
cAMP levels and PKA-mediated phosphorylation events
with their applications in neurobiology.

The first cAMP sensor used recombinant PKA with
the catalytic subunit labeled with fluorescein (donor) and
the regulatory subunit labeled with rhodamine (acceptor):
the dissociation of the regulatory and catalytic subunit
upon cAMP binding was monitored as a decrease in
FRET between the two fluorophores [23]. This biosensor
called FICRhR was used in invertebrate neurons [24, 25]
and embryonic spinal neurons [26]. However, this first
biochemical sensor remained impractical to use in verte-
brate neurons because the recombinant and labeled
holoenzyme had to be injected into living cell, which
proved to be a difficult task [27, 28].

The first genetically encoded indicator for cAMP used
the same design as FICRhR, first replacing the chemical
fluorophores fluorescein and rhodamine with the GFP and
BFP fluorophores, and later on with CFP and YFP [29, 30].
This sensor reports the dissociation of the regulatory and
catalytic subunits of PKA by a decrease in FRET between
these fluorophores. This sensor can be localized in differ-
ent subcellular domains to AKAPs [31, 32]. This type of
sensor needs equal expression of both subunits to form
the holoenzyme in the transfected cell and excess of
either subunit can complicate signal analysis. Moreover,
this sensor still has a kinase activity and its expression in
neurons will likely interfere with the cAMP/PKA signaling
cascade. Genetically encoded single chain FRET biosen-
sors devoid of catalytic activity were developed using the
cAMP-binding domain B of RIIB subunit of PKA as cAMP
sensing domain (PKA-camps sensor) [33]. In parallel, oth-
er sensors were developed using either the whole Epac
protein or truncated forms harboring its cAMP-binding
domain [33-35]. For example Nikolaev and coworkers
developed a cAMP sensor composed of a single cAMP
binding domain of either Epacl or Epac2, fused to CFP
and YFP to generate Epacl-camps and Epac2-camps sen-
sors, respectively [33]. Epac2-camps exhibits a slightly
higher cAMP sensitivity than Epacl-camps (0.9 uM vs.
2.4 uM) and both exhibit significantly faster kinetics than
the sensor based on PKA holoenzyme. A transgenic
mouse line was then created with ubiquitous expression
of the Epacl-camps sensor (CAG-Epacl-camps), allow-
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ing the study of the cAMP signaling in more physiologi-
cal conditions [36]. Epac2-camps was further modified by
mutating the cAMP-binding domain to increase its sen-
sitivity to cAMP. This sensor, called Epac2-camps300 [37]
has an EC, for cAMP of 0.3 UM and is suitable for meas-
urements of the very low cAMP levels present in mature
neurons [38] (see below). Another cAMP sensor was
derived from the cAMP-binding domain of the hyperpo-
larization-activated cationic channel HCNZ [39]. This sen-
sor called HCN2-camps, has a fairly low cAMP sensitivity
with an ECg, of 6 uM.

While most biosensors use the traditional CFP/YFP
pair of fluorophores, or their close derivatives, it may be
needed to perform recordings at other wavelength and
various versions of Epac-based sensors have been creat-
ed with GFP donor and various yellow and red acceptors
[40, 41]. Some limitations of biosensor imaging include
sensitivity to photobleaching, pH, and temperature, and
it is therefore desirable to use the brightest as well as the
most stable fluorophores in biosensor constructs. Thus,
taking advantage of the CFP-derived donor fluorophore
Turquoise and using the Epacl backbone, TEpac'V
showed improved photostability and outstanding ratio
changes upon cAMP activation [42]. This sensor was fur-
ther improved by replacing the donor with mTurquoise2
and the acceptor pair with a single cp174Citrine. Its sen-
sitivity for cAMP was increased by introducing the Q270F
mutation in the cAMP-binding domain, yielding Epac-
SH150 [43]'

One step downstream, the effects of cAMP on PKA
activity can be investigated using the A-kinase activity
reporter (AKAR). This is a family of FRET biosensors com-
posed of CFP as FRET donor, a phosphoamino acid bind-
ing domain, a PKA-specific substrate, and YFP as FRET
acceptor: when this protein is phosphorylated by PKA,
the phosphoamino acid binding domain binds onto the
phosphorylated PKA substrate, driving a conformational
change, which increases FRET between CFP and YFP.
After the initial proof of concept of AKAR1, which lacked
reversibility [44], AKAR2 [45] was a well-usable reporter,
rapidly superseded by AKARS3, where the acceptor was
changed for a circularly permuted citrine [46]. Changing
the CFP donor for the brighter Cerulean yielded AKAR4
[47] while Aquamarine led to A9AKARC" with improved
photostability [48].

Although commonly dubbed “PKA sensors,” one must
keep in mind that the phosphorylation level of the biosen-
sor results from the equilibrium between PKA-dependent
phosphorylation and dephosphorylation performed by
phosphatases, and is therefore a reporter of the phospho-
rylation level of a PKA substrate.

A similar strategy was followed to monitor the phos-
phorylation level of CREB, a critical transcription factor.
CREB is phosphorylated by PKA, as well as by the calci-
um/calmodulin-dependent kinase IV and MAP kinases.
This biosensor, called ICAP, reported CREB activation
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after direct activation of the cAMP pathway by forskolin,
as well as in response to depolarization or activation of
MAP kinase [49].

3 Amplitude of the cAMP/PKA signal

3.1 Striking differences in cAMP levels in different
neuronal settings

Strong cAMP responses to B-adrenergic stimulation were
recorded with Epacl-camps in various cell types like
macrophages, cardiomyocytes, and fibroblasts [36, 50].
Cell lines also exhibited strong responses such as the
MING6 pancreatic cell line, which strongly responds to glu-
cose [b1], or HEK-293 cell line, which responded to the
activation of B2-adrenergic receptors [52]. In neurons,
spontaneous cAMP oscillations were reported in cultured
retinal ganglion cells with a low-sensitivity cAMP sensor
[63] and cAMP responses were recorded with Epacl-
camps after B-adrenergic stimulation in primary cultures
of hippocampal neurons [9, 33, 36] or after ATP stimula-
tion in organotypic cultures of brain-stem slices [54].

In contrast to these measurements, the bulk cytosol of
pyramidal neurons in brain slice preparations showed no
or little response with cAMP biosensors when various Gs-
coupled receptors were activated: monoamine receptors
(B1-adrenergic and dopamine D1) as well as receptors to
neuropeptides (vasoactive intestinal peptide, corti-
cotropin-releasing factor or pituitary adenylate cyclase-
activating peptide) all failed to activate Epacl-camps, a
probe with an EC, for cAMP of 2.4 uM [38, 55, 56]. How-
ever, when P1-adrenergic or dopamine D, receptor ago-
nists were tested with the more sensitive Epac2-
camps300 sensor, clear positive responses were obtained
[38, 56]. At the level of PKA, activation of these various
receptors produced responses ranging from 20 to 80% of
the maximal response (Fig. 1A), showing that although
activation of these receptors produce little cAMP, they
nonetheless all succeed in activating PKA in the cytosol.
This observation was further investigated for the D,
dopamine receptor in pyramidal cortical neurons: for a
same full activation of the D, receptor, three biosensors
exhibited responses of increasing amplitudes, consistent
with an increasing sensitivity of these biosensors: Epac1-
camps<Epac2-camps300<AKARS (Fig. 1B, left) [56].

Overall, these data show that the activation of various
Gs-coupled receptors in pyramidal cortical neurons trig-
ger responses at the cAMP level that remain in the sub-
micromolar range, though sufficient to activate PKA.
Modeling studies suggested that free cAMP concentra-
tion is about 250 nM in the soma during B1-adrenergic
stimulation, and this fairly low cAMP concentration
results from a strong phosphodiesterase activities [9],
with type 4 phosphodiesterase (PDE4) being one of the
main phosphodiesterase activities in these neurons [38].
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Figure 1. Biosensors quantitatively report responses to neuromodulatory activation. (A) Activation of different Gs-coupled receptors produces PKA
responses of different amplitudes. 3-1 adrenergic, D, dopamine, CRF1, and VPAC1 receptor were respectively activated by application of the B adrenergic
agonist isoproterenol, the dopamine D, agonist SKF38393 and the neuropeptides CRF (corticotropin-releasing factor) and VIP (vasoactive intestinal pep-
tide). PKA activity was measured on pyramidal neurons of the cortex expressing the AKAR2 or AKAR3 sensors. Data present the mean response as a per-
centage of the maximal response (R, ., see text for explanations); error bars indicate SEM; each data point was obtained from 3 to 15 independent experi-
ments. Data compiled from [38, 55, 56]. (B) In response to a same dopaminergic stimulation, cortical neurons show much lower cAMP/PKA responses
than striatal neurons. D, receptors were stimulated with a saturating dose of SKF38393 (1 uM); the cAMP responses were measured with the biosensors
Epacl-camps and Epac2-camps300; the PKA responses were measured with AKAR3. The response amplitude measured with each biosensor was normal-
ized with respect to the maximal biosensor response (R, . ) and plotted as a histogram. Error bars indicate the SEM; the number of independent experi-
ment is indicated above each bar. The difference between cortex and striatum was significant for each of the three biosensors (p<107® unpaired two-tailed
t-test). Figure 1B is from [56].

The low cAMP level in mature neurons in brain slice to the function of these neurons, which detect the very
preparations contrasts with the high level recorded in cul- brief dopamine signals associated with reward.
tured embryonic neurons, suggesting that the cAMP level
may depend on the developmental stage: undifferentiated 3.2 Calibration of the ratio response,

neurons may need high cAMP to grow and setup their and its limitations
connections [57], a process that may be related to the
expression of other adenylyl cyclases such as ACS8 in Theoretically, the optical response of a dual wavelength
embryonic neurons, and that is needed for proper axonal (ratiometric) sensor can be calibrated to convert the ratio
and dendritic differentiation [58]. Later on, once the con- value into an absolute ligand concentration. This was ini-
nections are established, maintaining high cAMP tially established for chemical calcium dyes [59] and the
responses may be unnecessarily “expensive” for the neu- same equations apply to cAMP sensors [52, 54, 60]. This
ron, while maintaining a low global cAMP level is needed calibration uses the EC 50 and Hill coefficients, determined
to establish a sub-cellular compartmentation of cAMP in vitro for most published cAMP sensors. In addition, the
responses. Thus, PDE4 is critical to maintain this sub-cel- conversion of ratio measurements into cAMP concentra-
lular compartmentation in pyramidal neurons where high tions requires the determination of R_, and R__ , which
cAMP levels are restricted underneath the membrane [38]. are the ratio values in the absence and in the presence of
This model however does not apply to all brain saturating concentrations of cAMP, respectively. R___ is
regions: compared to pyramidal cortical neurons, striatal obtained by maximally stimulating adenylyl cyclase with
spiny neurons responded to dopamine D, receptor acti- forskolin together with inhibiting PDE with IBMX, or
vation with particularly large cAMP levels, reaching a lev- using a membrane permeant cAMP analog like 8-Br-2’-

el close to the maximum with all three biosensors tested O-Me-cAMP-AM; R, may be obtained by inhibiting
(Fig. 1B, right) [56]. A number of biochemical specificities adenylyl cyclases with dideoxy-adenosine, SQ22536 or
of striatal neurons, like a lack of PDE4 activity, a powerful MDL-12330A [54, 56, 60]. As there is some cell-to-cell vari-

adenylyl cyclase activity, and a positive feed-back mech- ability in these values, the calibration must be applied for
anism mediated at the level of phosphatases suggest that every individual cell.

these neurons are specifically geared to produce high Such conversion of ratio measurements into absolute
cAMP levels. We hypothesize that this feature is related concentrations may not be required to interpret the data:

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 195
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as long as the baseline ratio is close to R, , biological
responses can be quantified as a percentage of R [38,
56] and comparisons using biosensors with different sen-
sitivities provided a clear picture of the cAMP levels pres-
ent in the cytosol of cortical and striatal neurons (see
above). The Epacl-camps, Epac2-camps and TEpac'V
sensors for cAMP have an EC50 for cAMP from 1 to 15 uM,
while the Epac2-camps300 sensor was mutated to lower
its EC,, down to 0.3 uM [37], thus covering a fairly large
concentration range. In addition, PKA sensors of the
AKAR type have the highest sensitivity, as minute
amounts of cAMP are sufficient to activate PKA, which
can phosphorylate a number of biosensor molecules.

3.3 The biosensor buffers the response
to be measured

Biosensor concentration may further complicate the
interpretation of ratio measurements: if biosensor mole-
cules are present in large excess compared to cAMP, only
a small fraction of the biosensor will be activated and the
ratio will report a lower cAMP concentration than what
would have occurred in the absence of the biosensor.
Excessive biosensor concentration, by buffering cAMP,
also prevents cAMP from acting on its physiological tar-
gets. The lowest biosensor concentration sufficient for a
measurement is in the sub-micromolar range, a concen-
tration that should not affect the biological signal. How-
ever, biosensor concentrations of several tens of micro-
molar can be reached easily [61, 62], where it certainly
impacts the concentration measurement. While deter-
mining accurately the concentration of a biosensor inside
a living cell is technically delicate, it is quite easy to veri-
fy the impact of biosensor concentration on the cAMP
responses by plotting the amplitude of the cAMP
response versus the biosensor fluorescence level: low flu-
orescence intensity, indicative of low biosensor expres-
sion level, should be associated with responses of larger
amplitude whereas high fluorescence intensities, indica-
tive of large biosensor concentrations, potentially associ-
ated with a buffering effect, should be associated with
ratio responses of smaller amplitude. This negative trend
was not observed in pyramidal cortical neurons showing
that a buffering effect did not affect the responses in these
precise conditions [56].

4 Spatial analysis of the cAMP/PKA signal

Biosensor imaging provide data in the spatial dimension
with the characteristic resolution of optical microscopy,
which allow for the monitoring of individual neurons as
well as recording from specific sub-cellular domains.
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4.1 Monitoring cAMP/PKA responses
in distinct individual neurons

Analysis of the cAMP response with Epacl-camps in
individual neurons in the Drosophila brain revealed spe-
cific sub-populations of neurons that responded different-
ly to the PDF neuropeptide [63, 64]. Selective measure-
ment at the level of individual neurons was also critical in
the striatum. Medium spiny neurons (MSNs) constitute
95% of the neuronal population in the striatum: approxi-
mately half MSNs express dopamine D, receptors and
belong to the anatomical “direct pathway,” while the oth-
er half express dopamine D, receptors together with
adenosine A, , receptors and belong to the “indirect path-
way" [65, 66]. D, dopamine and A,, adenosine receptors
are positively coupled to the intracellular signaling cas-
cade of cAMP/PKA, while D, dopamine receptors are neg-
atively coupled to cAMP/PKA. Biosensor imaging with
two-photon microscopy clearly showed this dichotomy as
half of the neurons responded positively to the activation
of dopamine D, receptors while the other half responded
to the stimulation of adenosine A,, receptors (Fig. 2A)
[66]. This approach thus allows for the specific analysis of
cAMP/PKA responses in functionally identified individual
neurons within the anatomically intact context of a brain
slice.

4.2 cAMP/PKA signals in sub-cellular domains

At a smaller spatial scale, biosensor imaging with two-
photon microscopy also revealed how different domains
of the neuronal cell (dendrites, cell body, and different
axon terminals) exhibit specificities in their neuromod-
ulatory responses. In Drosophila, biosensor imaging
revealed different responses to dopamine, octopamine, or
forskolin in different cellular domains and demonstrated
the importance of PDE in maintaining sub-cellular com-
partmentation of the cAMP signal [67, 68]. In mammalian
neurons, sub-cellular differences were also reported by
two-photon microscopy: thin dendrites revealed larger
responses to B-adrenergic stimulation or phosphodi-
esterase inhibition in thin remote dendrites than in the
cell body (Fig. 2B), consistent with confined space accu-
mulating cAMP more easily than the large somatic vol-
ume [38]. Although this had been predicted theoretically
and verified in cultured neurons [9], brain slice imaging
provided a clear experimental confirmation of the impor-
tance of cell geometry on signal integration in morpho-
logically intact neurons.

cAMP/PKA signals at the membrane are particularly
important in neurons since a number of ion channels are
regulated either by direct binding of cAMP or via PKA-
mediated phosphorylation. Electrophysiological record-
ings thus allow real-time monitoring of PKA activity on
membrane channels and, interestingly, provide data con-
sistent with biosensor recordings in thin dendritic

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Two-photon imaging of a PKA-sensitive biosensor expressed in mouse brain slice provides selective measurements in individual neurons and in
thin dendrites. (A) Imaging PKA activation with AKAR3 in medium spiny neurons of the striatum reveals two distinct neuronal populations, which respond
selectively to the activation of either adenosine A, , receptor (with CGS21680) or dopamine D, receptor (with SKF38393). Traces are separated into two
plots on the basis of their response to the A,, agonist or the D, agonist. The figure is from [56]. (B) Biosensor imaging reports large, almost saturating
PKA responses to B-adrenergic stimulation in thin remote dendrites of cortical neurons expressing the AKAR2 sensor. The figure is from [79], with kind
permission from Springer Science and Business Media. (A, B) Gray scale images show the raw fluorescence at 535 nm. Pseudocolor images represent the

F535/F480 emission ratio at the times indicated by the corresponding arrows on the graph below. The calibration squares indicate fluorescence intensity
horizontally and F535/F480 ratio vertically. Each trace on the graphs indicates the F535/F480 emission ratio measurements on the regions indicated by the
color contour on the gray-scale image; thin traces in black correspond to cells outside the displayed region; the thick black line represents the average of all
the traces. SKF38393 (1 uM), CGS21680 (1 uM), isoproterenol (1 uM) and forskolin (13 pM) were added in the bath during the time represented by the

horizontal bar.

branches, where the biosensor reports mainly sub-mem-
brane cAMP/PKA signals [38]. Similar sub-membrane
compartmentation of the cAMP signal was reported in
PC12 cells using an AKAR sensor targeted to the mem-
brane with a K-Ras domain [69].

Further analysis of the sub-cellular compartmentation
of the cAMP/PKA signal can be obtained using targeting
sequences to address the biosensor into other sub-cellu-
lar domains of interest. The PKA response was monitored
in intralaminar thalamic neurons which showed that the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

PKA response progresses temporally, starting at the mem-
brane, where events occur on the time scale of tens of sec-
onds as reported by electrophysiological recordings, then
progresses into the cytosol where responses take place
over a few minutes, and later access the nucleus after
more than 10 min (Fig. 3) [70]. While direct imaging of sig-
naling microdomains may be beyond the spatial resolu-
tion of optical microscope, it remains however possible to
target the biosensor to these signaling microdomains
using specific peptidic sequences and measure the aver-
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Figure 3. Kinetics of PKA responses at the membrane, in the cytosol, and
in the nucleus in intralaminar thalamic neurons. PKA activation at the
membrane was measured with patch-clamp recordings by monitoring a
PKA-sensitive potassium current. PKA activation in the cytosol and the
nucleus was measured by ratiometric imaging using respectively the
AKAR2 and AKAR2-NLS sensors. The thick trace represents the responses
to 100 nM 5-carboxamidotryptamine (5-CT), an agonist of serotonin 5-HT,
receptor. Dotted lines are responses to 13 UM forskolin, used to normal-
ize the amplitude for the cytosol and nucleus. The figure is from [70].

age biosensor signal over a number of such signaling
domains. This was done in various non-neuronal cells [44,
46, 71) but so far not applied to neuronal preparations.
This task may end-up being more difficult than it seems
as a number of artifacts can result from expressing large
amounts of targeted biosensors, ranging from environ-
mental effects on the biosensor signal to disruption of the
signaling microdomains by the biosensor itself. Alterna-
tively, biosensor imaging may become very handy to ana-
lyze the impact of signaling microdomain disruption on
intracellular signal propagation: AKAP disruption with
Ht31 peptide or shRNA strongly reduced the efficacy of
the cAMP signal on CREB phosphorylation, as reported by
the ICAP biosensor [49].

5 Dynamics of the cAMP/PKA signals

The temporal dimension is a critical aspect of neural
encoding in the brain and the dynamics of cAMP/PKA
signaling is intimately related to neuronal function.
Genetically encoded indicators open new possibilities for
the analysis of the dynamics of the cAMP/PKA signaling
in neurons, provided that biosensors have sufficient
intrinsic temporal resolution. While the PKA-based sen-
sors showed a complex temporal response, Epac-based
sensors responded to cAMP within less than a few sec-
onds [33, 53]. PKA sensors of the AKAR family also
respond rapidly to brief stimuli as shown by the immedi-
ate response to cAMP uncaging in cardiac myocytes and
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in thalamic neurons [70, 72]. Biosensor imaging in neu-
ronal preparations revealed the time-course of cAMP/
PKA signals: in intralaminar thalamic neurons, the
response to bath application of forskolin increased
AKAR?2 ratio immediately upon application of the drug,
and reached its maximum in ~6 min [70]. Faster respons-
es to forskolin were observed in pyramidal neurons of the
prefrontal cortex (60 s) [66], in medium-spiny neurons of
the striatum (25 s) [43, 56] and in retinal ganglion cells
(20 s) [63].

The importance of temporal integration was illustrat-
ed recently in a study, which demonstrated that striatal
neurons have a specific ability to decode sub-second
dopamine signals [56]. Phasic dopamine signals were
mimicked by releasing caged-dopamine (5 uM) with a
flash of UV light for various duration (0.1, 0.3, and 1 s)
while monitoring PKA activity with AKAR3 (Fig. 4). For
both cortex and striatum, dopamine uncaging resulted in
a transient increase in AKARS3 emission ratio. However,
the overall responses differed considerably between the
two brain regions: cortical neurons generated no response
or a small-amplitude responses, whereas striatal neurons
displayed an almost maximal response. Importantly, only
striatal neurons showed an increase in cFos expression
after brief dopamine stimulation, showing that the differ-
ence in response dynamics affects the physiological
response. Such differences were shown to be related to
differential expression of signaling proteins like PDE and
DARPP-32, which determine the integrative properties of
each neuron [56].

Simultaneous imaging of calcium and cAMP/PKA sig-
nals gave new insights on the interactions between these
two signaling cascades in various non-neuronal cell types
[61, 73, 74]. The same quantitative approach applied to
spontaneously active neurons showed the interactions
between periodic calcium and cAMP transients. This was
illustrated in developing spinal cord neurons where a cal-
cium signal triggered transient increases in cAMP, and
reciprocally, cAMP levels regulated the frequency of cal-
cium transients [26]. In retinal ganglion cells, the calcium-
dependent activation of cAMP/PKA was shown to result
from a combination of transmembrane and soluble calci-
um-dependent adenylyl cyclases [75]. More recently,
Nicol et al. [76] described spatial and temporal features
that regulate axon guidance in Xenopus spinal neurons:
the cAMP/calcium interaction differ in different regions of
the growth cone.

6 Biosensor imaging to analyze the
regulation of cAMP/PKA signals
6.1 Phosphodiesterases degrade cAMP

Neuronal cells exhibit a complex tridimensional structure,
which delimit spatial domains with specific integrative

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Biosensor imaging uncovers differ-
ences in response dynamics between two
neuronal types: striatal neurons respond
more efficiently than pyramidal cortical neu-
rons to a brief dopaminergic stimulation.
Dopamine was released transiently from a

caged precursor ((N)-1-(2-Nitrophenyl)ethyl-
carboxy-3 ,4-dihydroxyphenethylamine

Time (min) dopamine, 5 tM) by a flash of UV light.

(A) Pyramidal cortical neurons expressing
AKAR3 were imaged in wide-field microscopy
and the ratio was plotted against time.
Arrows indicate the UV flash, for the duration
indicated on the arrow. Increases in the dura-
tion of the flash were associated with increas-
es in the amplitude of the ratio response.

(B) Responses were normalized with respect
to the steady-state response to bath-applied
SKF38393 and averaged; error bars indicate
SEM; n=6. (C, D) As in (A, B), except that

the recording were performed in the stria-
tum; n = 5. Amplitudes differed between cor-
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properties. Many neuromodulatory signals come as dis-
crete events, which trigger a series of intracellular acti-
vating events closely followed by feedback events even-
tually returning the cell to the “basal” state. These nega-
tive control mechanisms include PDE that efficiently
degrade cyclic nucleotides. The 21 genes encoding for
the 11 PDE families are translated into more than 50 dif-
ferent enzymes by alternative splicing, with unique sub-
cellular distributions and regulatory domains. For exam-
ple PC12 cells express high levels of PDE3 and biosensor
imaging revealed that PDE3 is responsible of the sub-
membrane compartmentation of the cAMP signal pro-
duced by EGF and NGF [69]. In retinal ganglion cells, cal-
cium-stimulated cAMP/PKA signaling was shown to be
regulated by calcium-stimulated PDE1 [75], further com-
plicating the integration of coincident cAMP and calcium
signals.

Recently, the use of biosensors allowed for the func-
tional characterization of PDE4 in pyramidal neurons of
the cortex [38]. In the somatic cytosol, PDE4 was shown
to tightly regulate the amplitude of the cAMP responses
to B-adrenergic and D,-dopaminergic stimulation [38, 56].
In small dendrites, where the surface-over-volume ratio is
enhanced, PDE4 controls the tonic production of cAMP by
adenylyl cyclases [38]. These results demonstrate that
PDE4 is a crucial regulator of adrenergic and dopaminer-
gic responses and allow for the subcellular compartmen-
tation of the cAMP signal in pyramidal neurons [9, 38].

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tex and striatum with 0.3 an 1 s uncaging
times (p<0.001; unpaired two-tailed t tests).
Time (min) The figure is from [56].

Biosensor imaging also allows to study the dynamic
interactions between signaling cascades. In striatal neu-
rons, NO donors increase intracellular cGMP concentra-
tion, which activates PDE2 and therefore inhibits the
cAMP/PKA signal. This was shown by analyzing the
time-course of transient cAMP responses to brief forskolin
applications: these cAMP transients where smaller in
amplitude and shorter in duration when PDE2 was acti-
vated by cGMP [43].

6.2 Phosphatases dephosphorylate PKA substrates

The time-course of the AKAR response is determined by
different factors including cAMP accumulation and PKA
phosphorylation rate. The role exerted by phosphatases in
the rate of dephosphorylation was observed experimen-
tally in brain slices where adenylyl cyclase were activat-
ed in the presence of phosphatase inhibitors: in these
conditions, adenylyl cyclase stimulation led to an increase
in AKAR phosphorylation that barely recovered after the
agonist removal [70]. Thus, one can assume that the phos-
phorylation level of the biosensor results from the equilib-
rium between PKA-dependent phosphorylation and
dephosphorylation performed by phosphatases.

In striatal neurons, protein phosphatase 1 (PP1) is
strongly inhibited by DARPP-32 when its threonine 34
residue is phosphorylated by PKA [77]. Using a knock-in
mutant mouse, in which the threonine residue was
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replaced with an alanine (DARPP-32-T34A) [78], the
authors evaluated the PKA response to brief dopamine
receptor stimulation: in the mutant mouse, neither the
kinetics of increase nor the amplitude of the transient
PKA response were modified; however, the rate of the
decay was much faster, consistent with a lack of phos-
phatase inhibition. These results show that, by inhibiting
phosphatase 1, DARPP-32 exerts a strong positive feed-
back regulation on PKA signaling, by maintaining PKA
targets in their phosphorylated state.

7 Conclusions

During the last decade, the incredible power of genetics
have uncovered the involvement of a number of genes in
various neuropsychiatric diseases, while medicinal
chemistry has created highly specific drugs for a number
of signaling enzymes. Many times however, the precise
function of these signaling enzymes remains mysterious.
Biosensor imaging, by providing a dynamic picture of sig-
naling processes tremendously help understand the fun-
damentals of integrative processes taking place in living
and individual neurons. We believe that this type of
approach can be instrumental in understanding the
mechanism of action of a number of drugs at the preclin-
ical level. In addition, while cAMP/PKA biosensor imag-
ing in vivo has only been performed on Drosophila so far
[67, 68], calcium imaging in the brain of living rodents is
routinely performed and no technological obstacle pre-
cludes real-time analysis of cAMP/PKA processes in the
brain of a living animal. This would indeed open consid-
erable perspectives for both fundamental and preclinical
research.
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