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Summary activation can potently inhibit the stimulatory responses
) o associated witf3, AR activation of cAMP production by

1. PB,-adrenegic and M, muscarinic receptor inhiphiting AC activity via an inhibitory G protein
regulation of cAMP production plays avptal role in (G)-dependent mechanism. This is referred to as
autonomic regulation of cardiac myde function. gccentuated antagonisfhFurthermore, in the presence of
However, not all responses are easilkptained by a submaximalB,AR activation, transient actgtion of M,Rs
uniform increase or decrease in cAMP activity througho%{ctua”y produces a biphasicfesft’13 In the presence of
the entire cell. _ muscarinic agonists such as acetylcholine (ACh), there is

2. Adenorvirus expression of fluorescence resonanceniagonism of thepB-adrenegic response, Wi upon
enegy transfer (FRET) based biosensors can be used{@ndraval of ACh, there is an exaggerated stimulatory or
monitor CAMP actrity in protein kinase A (PKA) signaling repound response. This reflects the fagRNctivation of a
domains as well as thaullx cytoplasmic domain of intact G-dependent signaling pataw produces an inhibitory
adult cardiac myocytes. _ _ effect that turns on and fofapidly, as well as a stimulatory

3. Data obtained using FRET-based biosensofggponse that turns on and ofore slavly. This comple
expressed in diérent ce_IIuIar microdomains has been L_Jseg_}mpom response toGh is also difficult to explain if one
to develop a computational model of compartmentalizedi s mes that receptor aetion produces a uniform

CAMP signaling. _ increase or decrease in CAMP throughout the cell.
4. A systems biology approach that emyso

guantitatve cmputational modeling together with FRET-based biosensorsfor measuring

experimental data obtained using FRESSed biosensors compartmentalized cCAMP responses

has been used to pide evidence for the idea that ) ] ]
compartmentation of cAMP signaling is necessary to  Until recently it has only been possible to measure
explain the stimulatory responsesfpadrenegic receptor CAMP actity using biochemical methods that typically
activation as well as the compl¢emporal responses to,M involve homogenization of tissue or cell preparatiéns.

muscarinic receptor auttion. While the importance of informa_tion obtaine_d qsing such
an approach cannot bgep emphasized, obtainingviElence
Introduction for compartmentation of cAMP signaling was sevhat

) _ limited by this approach. Homogenized preparations could
Mary different neurotransmitters and hormones argg separated into soluble y{esolic) and particulate

capable of regulating the electrical, mechanical, a%embrane) fractions by centrifagon. When this was
metabolic actjity of t_he heart by stim_ulatin_g the prOdUCtiO”done,B-adrenegic agonists were found to increase CAMP
of cCAMP. The signaling pathway typically\nlves receptor yroquction and aatition of protein kinase A (PKA) in both
actvation of adenylyl cyclase (@) via a dimulatory G fractions, whereas prostaglandins onlyfeafed cAMP
protein (G)-dependent mechanism. The receptor MO$foduction and PKA adtition in the soluble
commonly associated with adtion of this signaling fr5ction261819 This was consistent with the obsation
pathvay in cardiac myoges is thep,-adrenegic receptor nat most functional responses were associated with CAMP-
(B,AR). However, not all receptors capable of stlmulatmgdependem actition of type Il PKA, which is found
cAMP production produce the same functional responsesimarily in the particulate fractioh?®2! These kinds of
The frequent explanation for such obsgins has been regyits seemed consistent with the idea that therelifce in
that different receptors are capable of stimulating cAMR, responses tB-adrenegic agonists and prostaglandins
production in distinct microdomains within the cellhe could be explained by compartmentation of CAMP
classic example _of this is the fact that bBfARs as w_eII as production. Havever, understanding he this related to
E,, prostaglandin receptors are capable of stimulatingnat was happening in an intact ceisvan open question.
CAMP production, but onlyB,AR actvation leads to More recently seveal different approaches for
changes in acute functional resporfsés. o measuring cCAMP in intact cells ¥& been deeloped. One

_ Still other types of receptors can inhibit as well agjass of cAMP biosensors utilizes the principle of
stimulate cAMP production, eliciting completemporal  fjyorescence resonance energy transfer (FREF)One of
responses. An example of this is the iLiscarinic receptor the first FRET-based biosensors for measuring cAMP
(M,R)." In ventricular myogtes, MR ectivation alone  4ctiity was constructed using PKA& In this case, a donor
has little or no effect on cell function. Wever, MR fyorophore, rhodamine, was \atently attached to the
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Figure 1. A. PKA-based biosensoxpressed in adult guinea pig ventricular myocyfesp panel: time course offtanges
in the CFP/YFP fluorescence ratidR) relative to baseline (Robserved during xposue to FGE1 and isopoterenol

(Iso). Bottom panel: averlage esponse to 1M PGE1 and subsequenkpmosue to 1 uM Iso (n=5). B. Epac2-camps
expressed in adult guinea pig ventricular myocy@gp panel: time couse of dianges iNAR/R, observed during>@osure
to 10uM PGEL. Bottom panel: average esponse produced by 1M PGE1 (n=8) or 1uM Iso (n=8). Data adapteddm

Warrier et al3*

regulatory subunit of PKA and an acceptor fluorophorejeveloped using the exchange protein eatéd by cAMP
fluorescein, was attached to the catalytic usito This (Epac)3'-3® The principle inolved is the same as that for
probe wvas introduced into cells by microinjection orthe PKA-based probe. An increase in CAMP activity results
dialysisvia a patch pipett&>2?7 In the resting state, the &w in a loss of FRET that can be used as an indicator of
fluorophores are in close proximity (<100 A) to onehanges in cAMP adfity. Howeve, with the Epac-based
another Under these conditionsxe@tation of the donor probes, CFP and YFP are attached to the amino and
leads to direct transfer of eggrto the acceptor resulting in carboxy termini of the same protein. There aegious
its fluorescence. When cAMPvigs increased, binding of versions of Epac-based biosensors, but one created by
the nucleotide to the regulatory swiit results in Nikolaev et al3* was wnstructed using only the cAMP
reorientation of the catalytic andgrdatory subunits and a binding domain of type 2 Epac. This Epac2 cAMP sensor
loss of FRET By measuring the change in the(Epac2-camps) lacks waranchoring sequences that might
donor/acceptor fluorescence ratio, it is possible to obtaintaget it to specific locations within the cell. The result is a
readout of changes in CAMP agty in an intact cell. More biosensor that is able to diffuse freely throughout the
recently genetically encoded versions of this type otytoplasm.
biosensor hae been deeloped?®2°including one in which In our initial studies, we tested the proof of concept
cyan (CFP) and yells fluorescent protein (YFP) were usedhat because the PKA-based probe and Epac2-camps
as the donor and acceptor fluorophores, res@hctiSuch  exhibit different expression patterns, when expressed in
probes hee made it possible to introduce the biosensor in adult \entricular myocytes, tlye would be able to
variety of cell types using standard transfection techniquedifferentiate between responses tdedént agonists. ype
By using the type Il regulatory subunit of PKA, whichll PKA is found primarily in the particulate fraction of
contains peptide sequences that bind to A kinase anchortmgmogenized cardiac preparations. Therefore, we predicted
proteins (AKAPS), this type of probe can then kpressed that the type Il PKA-based biosensorowld detect
in the same pattern as endogenous type Il PiGAAs a responses to agonists that stimulate cAMP production in the
result, this sensor isxpected to respond to cAMP particulate fraction of cells but not the soluble fraction. On
specifically in type 1l PKA signaling domains. the other hand, if the Epac2-based probe is freelysilifle,
Other FRET based cAMP biosensorsvéhaleen we predicted that it would respond to agonists that stimulate
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Figure2. Model of compartmentalized CAMP signaling pathways in a cardiac ventricular myocyte. 3, -adrenegic recep-
tor (8,), M, muscarinic receptor (ly), stimulatory (@) and inhibitory (G) G-proteins, adenylyl cyclase types 5 and 6
(AC5/6), adenylyl cyclase types 4 and 7 (AC4/7), phosphodiesterase (PDE).

cAMP production in the soluble fraction. and 7 (AC4/7)3% However, while the actrated o sukunit of

We epressed these probes in adult guinea pig, (Ga) inhibits AC5/6, it has no affect onG¥/73538In
ventricular myocytes using an adenovirus based appracifact, AC4/7 activity is actually stimulated by | By
In myocytes expressing the PKA-based probgosure to  subunits®®4° In this way, activation of the MR can both
the prostaglandin receptor agonist PGailefl to elicit a inhibit as well as stimulate cAMP production (see Figure
detectable change in FRETeven though subsequent 2). However, this still does not readily explain the
exposure to theB-adrenegic agonist isoproterenol (Iso) difference in the speed of the stimulatory and inhibitory
resulted in a significant response (Figure 1AJowever, responses.
PGE1 vas clearly able to stimulate cAMP production, A clue as to the potentiakplanation for the compie
because exposure of myocytes expressing the Epac2-bawsadporal response has come from studies demonstrating
probe to PGE1 resulted in a significant, albeit transiettiat AC5/6 is gpressed in cholesterol rich fractions of the
response (Figure 1B). These results support the conclusigasma membrane specifically associated witkealan-3, a
that FRET based biosensorsxpeessed in diérent scafolding protein that is wolved in forming ceeolag?'43
microdomains can be used to detect compartmentaliz€sh the other hand, @4/7 appears to be found primarily in
responses in intact cardiac mytes. These results are alsocholesterol rich lipid rafts that do not include
consistent with the idea that the PKA-based biosenscaveolin-3.4344 This suggests that M inhibition and
responds specifically to CAMP in a particulate or membrargtimulation of cAMP may be occurring in fiifent
domain associated with type Il PKA that is not accessible smbcellular locations. Inhibition of cAMP production occurs
the soluble or blk cytoplasmic domain through freein a caeolar domain. This is also where type Il PKA is

diffusion. found??4% and again, actition of type Il PKA correlates
_ _ closely with regulation of functional responge8?!

Can cAMP compar tmentation explain complex Stimulation of cCAMP production occurs in axtrcaeolar

temporal responses? membrane compartment. Based on this, wpothesized

that the rebound stimulatoryfeft that is associated with
functional responses is due to the time-dependent flux of
cAMP from an extraogeolar to a caeeolar compartment.

The stimulatory and inhibitory effects of J®
activation can be explained in part by thefeient types of
AC that are rpressed in cardiac muscle andivhtiney are
regulated by MR ectivation of G|.8 Cardiac myoygtes
express A types 5 and 6 (B85/6) as well as & types 4
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Using computational modeling to investigate belonv the threshold for producing functional responses.
compartmentalized cAMP signaling Upon withdraval of ACh and termination of
) activation, there is a rapid versal of AC5/6 inhibition as

In order to test our ypothesis for the comple e as AC4/7 stimulation. Heever, the cAMP gradient
response to MR ectivation, we deeloped a computational qoes not dissipate immediatelyThe result is that
model of compartmentalized cAMP signaling in a cardiagyracaseolar cAMP continues to diffuse into thevealar
myocyte‘-?ﬁ This model vas created using the wealth ofyomain, resulting in cAMP lels transiently increasing to a
quantitatve kinetic data existing in the literature. Thejeyd much higher than that obsew prior to MR
compartmentalized nature of the model was made possill&i,ation. Ewentually phosphodiesterase (PDE) ady

because of more recent information describing the velatipeaks down the xeess cAMP explaining the transient
distribution of the warious proteins wolved in cCAMP  atire of the stimulatory response.

signaling betweenytosolic and membrane fractions as well
as among different membrane fractions of cardiaConclusionsand futuredirections
myogytes. The ky dement in this case is the inclusion of ) )
AC5/6 actvity in the careolar domain and AC4/7 activity in The deelopment of cAMP biosensors provides a
the extracaveolar domain. The model assumes that there afaéans for dlregtly measuring CAMP_ activity in fdriant.
three compartments (Figure 2). The first compartment isSybcellular !ocatlons WthmVe ells. This can be helpful in
caveolar domain that includes 10% of the p|asm&1emonstratlng that different receptorsgukate cAMP
membrane and makes up 1% of the total celime. The r€sponses in distinct microdomains. These biosenseess ha
second compartment is arxt@caeolar domain that &S0 been helpful in deloping a quantitate
includes 20% of the plasma membrane andesalp 2% of compqtatlonal approach to understanding more comple
the cell volume. The third compartment is thelkb Pehaviours. _ .
cytoplasmic domain that is associated with the remainder of ~One outcome of this type of systems biology
the plasma membrane and reakup 97% of the cell approach is the generation of non-inttgtiredictions that
volume. can then be testedxgerimentally For example, results

We then took adantage of results obtained using th&btained from the originalersion of our model suggest that
PKA-based biosensor toalidate the model. This probe the basal feel of cAMP in the Hhilk cytoplasmic
appears to seleutly respond to cAMP in a type Il PKA compartment of cardiac ventricular myocytes shouldbe
signaling domain (see Figure Iurthermore, type Il PKA MM. This is S|_gn|f|cantly higher than_ thel00 nM levels
is associated with the membrane fraction of cardisi99ested toxest in the caeolar domain by measurements
myogtes in general and thevemlar membrane fraction in obtained using the PKA-based bioserf§arhis implication
particular’24® Therefore, we compared the responsei§ important because it suggests that compartmentation
detected by the PKA-based probe to those predicted in #@Ys an important roleven under basal conditions by
caveolar domain of the model. &rere able to demonstrate Maintaining  microdomains  where cAMP véis  are
that the model is able to accurately describe treignificantly belav that found throughout most of the cell.
concentration dependence of response AR activation. This allovs receptor signaling to regulate CcAMP
It is also able to reproduce both the inhibitory angoncentration wer a range that modulates the activity of
stimulatory responses produced byRViactivation in the high afflnlt% efectors such as type Il PKA, which has a Kd
presence oB,AR stimulation?® of 300 nM: o

One adentage of using a computational approach is A Second unepected prediction of the model has to
that it males it possible to see what is happening if® With the role of PDE adfity in creating the
different microdomains in order to get a betteflicrodomains iwolved in compartmentation @ AR and
understanding of the modelsility to produce diferent MR responses. It is often suggested that PDEs act as
behaiours. If we look specifically at @5/6 and Ac4/7 functional  barriers  responsible  for  creating
activity as well as cAMP ledls in the caeolar and compartment$:*8 Consistent with this idea, d@#ent PDE
extracaveolar domains (Figure 3), we can see thatasure iSoforms hae keen 75420""” to be @eted to specific
to a submaximally stimulating concentration of Iso resul@bcellular locations!: ~ Furthermore, the non-uniform
in a slight increase in cAMP production by alCAsoforms, distribution of PDE actiity between compartments of our
which is associated with a slight increase in cAMRtin model is essential for determining the concentration of
both the ceeolar and &tracaeolar domains. However, CAMP within each compartment, and therefore the
subsequent exposure toCA results in an inhibition of 9radients between compartmentdowever, PDE actvity
cAMP production by AC5/6 and CAMP ves in the alone is not sufficient to maintain those gradiéhtShe
caveolar domain, while there is a significant stimulation offodel predicts that there must be some ottastof
cAMP production by AC4/7 and CAMP ves in the contributing to the limited diusion of cAMP between
extracaveolar domain. This creates a significant gradient i{€S€ compartments. _
cAMP concentrations, which results in a flux of cAMP It is important to note that our computational model
from the atracaveolar to caeolar compartments. Although IS & working hypothesis. It can pide a theoretical
this causes a slight increase in cAMP in theecmr [ramevork for testing the feasibility of compie
domain, the actual concentration of CAMP is assumed to B¥Potheses. &, the model itself is only as good as the data
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subpopulation (10-20%) oﬁzARs.l Furthermore,3,ARs

Iso +ACh -ACh are able to produce compartmentalized cAMP-dependent
responses because of their ability to couple tasGwvell as
0.4 - Caveolar . . 152 i )
G. signaling pathwys:>< Therefore, a systems biology
= compartment S . . . .
=] approach to studying cAMP signaling may provide a useful
o 02 means of ikestigating the diersity of response produced
% by mary different types of receptors.
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