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The sympathetic nervous system suppresses bone mass by mecha-
nisms that remain incompletely elucidated. Using cell-based and
murine genetics approaches, we show that this activity of the sym-
pathetic nervous system requires osteopontin (OPN), a cytokine and
one of the major members of the noncollagenous extracellular ma-
trix proteins of bone. In this work, we found that the stimulation of
the sympathetic tone by isoproterenol increased the level of OPN
expression in the plasma and bone and thatmice lacking OPN (OPN-
KO) suppressed the isoproterenol-induced bone loss by preventing
reduced osteoblastic and enhanced osteoclastic activities. In addi-
tion, we found that OPN is necessary for changes in the expression
of genes related to bone resorption and bone formation that are
induced by activation of the sympathetic tone. At the cellular level,
we showed that intracellular OPNmodulated the capacity of the β2-
adrenergic receptor to generate cAMP with a corresponding mod-
ulation of cAMP-response element binding (CREB) phosphorylation
and associated transcriptional events inside the cell. Our results in-
dicate that OPN plays a critical role in sympathetic tone regulation
of bone mass and that this OPN regulation is taking place through
modulation of the β2-adrenergic receptor/cAMP signaling system.
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Bone formation and bone resorption require a tight regulation
of the two facets of bone metabolism: new bone deposition by

osteoblasts and bone resorption by osteoclast cells. Pathologic
bone loss and bone accumulation disorders are nearly always
caused by dysregulation of this balance, either toward bone accu-
mulation (e.g., osteopetrosis) or bone loss (e.g., osteopenia or
osteoporosis). The most common disorder of bone loss, osteopo-
rosis, contributes to a high fracture risk and challenges quality of
life and longevity of affected populations such as the elderly and
postmenopausal women (1). Osteoporosis can also develop after
prolonged inactivity or weightless space travel because of the loss
of mechanical stress stimuli that promote anabolic bone remod-
eling and inhibit resorption (2–4). Unlike bone loss from unload-
ing and inactivity, postmenopausal osteoporosis is characterized by
both an increase in bone formation as well as a relatively greater
increase in bone resorption, and bone deterioration therefore
proceeds more slowly. The primary regulators of bone metabolism
include hormones such as parathyroid hormone (PTH) and
parathyroid hormone-related protein (PTHrP), inflammatory and
anti-inflammatory cytokines, and the sympathetic tone of the
nervous system, which regulates bone mass through neuro-
transmitters such as epinephrine and norepinephrine via in-
nervation of bone cells (5, 6). As in the case of disuse (unloading)
osteoporosis, bone loss through the sympathetic tone is charac-

terized by stimulation of bone resorption and suppression of bone
formation (7). Conversely, inhibition of the sympathetic tone by
β-blockers suppresses unloading-induced bone loss by suppressing
bone resorption and enhancing bone formation (8). Nonetheless,
the mechanism by which the sympathetic tone regulates bone ca-
tabolism remains largely unknown.
Osteopontin (OPN), a major member of the noncollagenous

extracellular matrix secreted by osteoblasts and a cytokine in-
volved in proliferation, apoptosis, and inflammatory signaling, has
been implicated in bone remodeling after mechanical stress (9).
Indeed, OPN-deficient mice show both increased deposition and
reduced resorption of bone after unloading (10–12). In terms of
the control of bone metabolism, the OPN-KO phenotype there-
fore phenocopies treatment with β-blockers. Here, we hypothe-
size that OPN serves as a molecular link between the sympathetic
tone and bone metabolism. Using a combination of mouse KO
studies and cell-based assays, we find that intracellular OPN acts
by modulating activity of the β2-adrenergic receptor (β2AR), a G
protein-coupled receptor (GPCR) expressed in osteoblasts and
involved in regulation of bone resorption in response to the ac-
tivity of sympathetic nerves (7). This study thus suggests that in-
tracellular OPN links bone to the sympathetic tone via regulation
of the β2AR signaling cascade.

Results
OPN is necessary for bone loss mediated by a sympathomimetic
ligand. To determine whether the sympathetic nervous system
influences expression of OPN, we measured the level of circu-
lating OPN after injection of isoproterenol (ISO), a sympatho-
mimetic ligand, or saline vehicle into the peritoneum of mice of
two different strains. ISO treatment increased plasma OPN in
both 129sv mice (Fig. 1A) and C57BL/6 mice (Fig. 1B). This
increase originated, at least in part, from bone, where an in-
crease in OPN mRNA expression was also detected in response
to ISO (Fig. 1C).
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We next examined bone structure and bone mass after in-
jection of ISO into OPN-deficient (OPN-KO) and WT mice.
Microcomputed tomography (μCT) analyses of long bone
showed a reduction in crowdedness of trabecular bone after ISO
injection in WT mice (Fig. 2 A vs. B) but not in OPN-KO mice
(Fig. 2 C vs. D). Quantification indicated that ISO significantly
reduced bone mass [bone volume/tissue volume (BV/TV)] and

trabecular number in WT mice, whereas ISO injection into
OPN-KO mice had no effect (Fig. 2 E and G). ISO treatment
also enhanced the levels of trabecular separation (Fig. 2F) and
trabecular spacing (Fig. 2H) in WT but not in OPN-KO mice.
This observation was not limited to long bone because similar
effects were observed in vertebrae (Fig. 2 I–L), where ISO sig-
nificantly reduced BV/TV in WT but not in OPN-KO mice (Fig.
2M). As was the case with long bone, OPN deficiency also re-
duced the effect of ISO on structural parameters in vertebral
bone such as trabecular number (Fig. 2O), trabecular separation
(Fig. 2N), and trabecular spacing (Fig. 2P). Thus, OPN is nec-
essary for ISO-induced bone loss in both vertebral and long
bones. ISO treatment increased OPN expression in cultured
bone, indicating that the catabolic effect of ISO on bone is most
likely mediated by direct control of OPN expression (Fig. S1).
Sympathetic nervous tone requires OPN to increase osteoclast

activity and to decrease osteoblast activity. We next examined
whether OPN mediates ISO-induced bone resorption by in-
creasing osteoclastic activity, decreasing osteoblast activity, or
both. Administration of ISO in WT mice increased both histo-
morphometric and biochemical parameters of bone resorption,
including the number of osteoclasts, the levels of bone surface
covered by tartrate-resistant acid phosphatase-positive (TRAP+)
cells (osteoclast surface per bone surface) (Fig. 3 A–D), and urine
levels of deoxypyridinoline, a marker of systemic bone destruction
that reflects collagen degradation mediated by osteoclastic activity

Fig. 1. ISO treatment up-regulates OPN levels in bone and circulation. (A
and B) OPN protein expression in circulation for both 129sv (A) and C57B/L6
(B) mice in response to ISO treatment. (n = 3–4 per group, *P < 0.05.) (C) OPN
mRNA expression in bone in vivo in response to ISO treatment, normalized
to GAPDH mRNA expression. Results are in arbitrary units as mean ± SEM of
n = 4 (*P < 0.05).

Fig. 2. OPN deficiency sup-
presses ISO-induced bone loss.
(A–D) Representative 3D-μCT im-
ages of the distal metaphyseal
regions of femora in vehicle (A
and C) and ISO treatment (B and
D) groups of WT (A and B) and
OPN-KO (C and D) mice. (E–H)
Bone parameters measured from
data shown in A–D. (E) BV/TV.
(F) Trabecular separation (Tb.Sp).
(G) Trabecular number (Tb.N).
(H) Trabecular spacing (Tb.Spac).
Data represent the mean ± SEM
of n = 7–8 mice per group (*P <
0.05). (I–L) Representative 2D-μCT
images of vertebrae in mice
treated with vehicle (I and K) and
ISO treatment (J and L) groups of
WT (I and J) and OPN-KO (K and
L) mice. (M–P) Bone parameters
measured from data shown in I–L.
(M) BV/TV. (N) Trabecular sepa-
ration (Tb.Sp). (O) Trabecular
number (Tb.N). (P) Trabecular
spacing (Tb.Spac). Data represent
the mean ± SEM of n = 7–8 mice
per group (*P < 0.05).
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(Fig. 3 A, B, and E–G, gray bars). OPN deficiency suppressed the
stimulatory effect of ISO on all parameters of bone resorption
(Fig. 3 C–G, black bars). However, the slightly higher osteoclast
number and osteoclast surfaces in OPN-KO compared with WT
mice at baseline (P < 0.01) could hide some but not all of the
changes that would be caused by ISO injection (e.g., Fig. 3 E and
F). Despite the uncertainty in differentiating the effect of ISO
injection and OPN deficiency on osteoclast number and surface,
the data indicate without ambiguity that OPN is necessary for
ISO-induced increases in systemic bone resorption activity.
We next compared osteoblastic activity in WT and OPN-KO

mice treated with ISO. The basal level of mineral apposition rate
(MAR), a parameter that reflects individual osteoblast-mediated
bone formation, was similar inWT andOPN-KOmice (Fig. 3H, J,
and L, control). After ISO treatment, the MAR level in WT mice
decreased significantly; this decrease was not observed in OPN-
KOmice (Fig. 3 K andL). The bone formation rate was decreased
by∼40% in response to ISO inWT but not in OPN-KOmice (Fig.
3M), paralleling the decrease of MAR. Osteoblast number per
bone surface and osteoblast surface per bone surface were sup-
pressed by ISO in WT but not in OPN-KO mice (Fig. 3 N and O).
These data indicate that sympathetic nervous tone requires OPN
to decrease bone mass both by way of increased osteoclast activity
and by decreased osteoblast activity.

OPN is necessary for sympathetic tone-associated osteoclast
development in vitro. Given the stimulatory effect of ISO on
osteoclast activity of WT mice, we next examined whether OPN
regulates osteoclast development by the sympathetic tone. To
this end, we used bone marrow cells taken from mice after in-
jection of saline vehicle or ISO and cultured in the presence of
vitamin D3 (10 nM) and dexamethasone (100 nM). ISO treat-
ment in vivo resulted in an increase in TRAP+ cells in bone
marrow cultures from WT mice (Fig. 4A, gray bars, P < 0.05),
reflecting a higher osteoclastic activity. In contrast, OPN de-
ficiency did not statistically increase baseline osteoclast number
(P = 0.075) but did prevent ISO-induced enhancement of oste-
oclast development in cultured bone marrow cells from ISO-
treated mice (Fig. 4A, black bars). These data indicate that OPN
directly mediates the development of osteoclasts in response to
increased sympathetic activity.
OPN is necessary for sympathetic tone-induced gene expres-

sion in bone. To examine the effects of OPN deficiency on the
sympathetic tone-induced changes in gene expression in bone
cells in vivo, we comparedmRNA from bones of mice treated with
either vehicle or ISO. ISO injections increased the mRNA level
of TRAP (Fig. 4B), a representative osteoclast marker, and con-
versely reduced the basal level of Runx2, an important tran-
scription factor for osteoblastogenesis, in WT mice but not in

Fig. 3. OPN control of the inhibitory effect of ISO on bone remodeling. (A–D) Secondary trabecular regions of the epiphyses of tibiae were examined for
osteoclasts based on TRAP staining in vehicle (A and C) and ISO treatment (B and D) groups of WT (A and B) and OPN-KO (C and D) mice. (E–G) Parameters of
osteoclast activity. Number of osteoclasts per bone surface (N.Oc/BS) (E), osteoclast surface per bone surface (Oc.S/BS) (F), and urinary deoxypyridinoline (Dpd)
(G) excretion levels are shown. Bars represent the mean ± SEM of n = 5–9 mice per group (*P < 0.05). (H–K) Bone formation activity was evaluated in vivo as
described inMaterials and Methods. Calcein bands were visualized to obtain dynamic histomorphometric parameters. (L–O) Parameters of osteoblast activity.
Levels of mineral apposition rate (MAR) (L), bone formation rate (BFR) (M), osteoblast number (Ob.N/BS) (N), and osteoblast surface (Ob.S/BS) (O) are shown.
Bars represent the mean ± SEM of n = 5 mice per group (*P < 0.05).

Nagao et al. PNAS | October 25, 2011 | vol. 108 | no. 43 | 17769

M
ED

IC
A
L
SC

IE
N
CE

S



OPN-KO mice (Fig. 4 B and C). ISO also induced suppression of
alkaline phosphatase transcripts in WT mice to a significantly
greater degree than in OPN-KO mice (Fig. 4D). These observa-
tions indicate that OPN is necessary for changes in the expression
of genes related to bone resorption and bone formation that are
induced by activation of the sympathetic tone.
Extracellular and intracellular OPN contribute to bone mass

regulation by ISO. Given that OPN can act as an extracellular
cytokine and as an intracellular signaling molecule (13, 14), we
next used a specific and neutralizing anti-OPN monoclonal anti-
body (named 2C5) to differentiate the extra- and intracellular
actions of OPN (13). In WT mice, treatment with 2C5 weakly
attenuated (by less than 25%) the reduction of bone mass (BV/
TV) induced by ISO (Fig. 5 A–D). This small attenuation of ISO-
induced alteration in bone architectural parameters was also
observed in trabecular bone number (Fig. 5E). The effect of ISO
on the enhancement of trabecular separation and trabecular
spacing was also weakly attenuated by 2C5 (Fig. 5 F andG). These
modest attenuations contrast with the strong inhibitory effect of
2C5 in the number of osteoclasts in monolayer culture (Fig. 5H),
indicating that the antibody effectively neutralized extracellular
OPN. These results indicate that circulating OPN contributes only
part of the protein’s regulatory effect on bone metabolism.
Intracellular OPN regulates transcriptional events mediated by

the β2AR. Given that activation of β2AR in osteoblasts contrib-
utes to bone remodeling (7), we next tested whether OPN directly
regulates β2AR signaling. We addressed this hypothesis by using
several lines of experiment.
We first examined whether depletion of OPN by siRNA (as

shown in Fig. S2) influences the capacity of ISO to stimulate
cAMP production in MC3T3-E1 cells. To do so, we measured the
time course of ISO-mediated cAMP production in individual cells
with a FRET-based biosensor, epac-CFP/YFP, which has been

previously described (15). In this assay, a single cell under study is
continuously superfused with either control buffer or ligand. This
condition thus excludes the existence of secreted extracellular
OPN. Addition of ISO (10 μM) caused a fast increase in cAMP
similar to that induced by forskolin (10 μM) (Fig. 6A). After this
increase, the cAMP response was rapidly desensitized, even in the
continuous presence of the ligand, consistent with previous reports
(16, 17) (Fig. 6A, Left, control). The time course of cAMP gen-
eration was longer in cells depleted of OPN, and the integrated
cAMP response for 30 min was significantly increased (P < 0.01)
(Fig. 6A, si-OPN and bar graph). Conversely, overexpression
of OPN (Fig. S2) reduced cAMP generation in response to ISO
(10 μM) (Fig. 6A, Right, OPN). Blockade of secreted OPN action
by exposing cells to a neutralizing OPN antibody did not affect the
cAMP response to ISO (Fig. S3), thus suggesting that the effect of
OPN overexpression is likely mediated by intracellular OPN. A
slight but significant increase in basal cAMP was also observed in
the absence of OPN expression (Fig. S4). Altogether, these data
suggest that intracellular OPN does regulate cAMP production
mediated by β2AR. Given that the absence of OPN had no effect
on the capacity of forskolin (10 μM) to produce a maximal cAMP
response, these data indicated that OPN modulates the time
course of cAMP response by acting at the level of the receptor
and/or the stimulatory G protein (GS) rather than the adenylate
cyclase effector molecule. Pull-down experiments did not indicate

Fig. 4. OPN deficiency suppresses ISO-induced osteoclast development and
changes in mRNA expression. (A) Bone marrow cells obtained from WT and
OPN-KO mice treated with ISO or saline vehicle (Ctrl) were cultured in the
presence of vitamin D and dexamethasone to determine osteoclast de-
velopment (TRAP+ multinucleated cells). Bars represent the mean ± SEM of
n = 5 mice per group (*P < 0.05). (B–D) Gene expression in bone samples
from WT and OPN-KO mice. Expression of TRAP (B), Runx2 (C), and alkaline
phosphatase (ALP) (D), all normalized to GAPDH mRNA expression, in bone
samples from WT and OPN-KO mice. Results are expressed in arbitrary units
as mean ± SEM of n = 5–6 per group (*P < 0.05).

Fig. 5. Effects of neutralizing antibody against OPN on ISO-induced bone
loss. (A–C) μCT analyses ofWT proximal tibiae treatedwith orwithout 2C5. (D–
G) Structural parameter analysis of the tibiae. (D) BV/TV. (E) Trabecular num-
ber (Tb.N). (F) Trabecular separation (Tb.Sp). (G) Trabecular spacing (Tb.Spac).
(H) In vitro reduction of osteoclast development by anti-OPN antibody, 2C5
(*P < 0.05).
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association between OPN and the receptor but rather supported
the existence of transient complexes of OPN and GαS (Fig. 6D).
However, detection of this complex required the use of a mem-
brane-permeant cross-linker, dithiobis(succinimidyl) propionate,
indicating a transient and potentially weak interaction. A low
baseline interaction was detected when OPN and GS were coex-
pressed, possibly reflecting constitutive interaction of a small
fraction of OPN. Altogether, these data support a physical prox-
imity of OPN to GS inside the cell and suggest a role for in-
tracellular OPN in regulating cAMP production mediated by the
β2AR/GS system.
We next tested whether OPN influences the downstream sig-

naling of β2AR. To do so, we measured β2AR-mediated phos-
phorylation of a cAMP-dependent transcription factor called
cAMP-response element binding (CREB) protein as well as
transcription of genes controlled by the CRE regulatory element
in MC3T3-E1 cells. ISO stimulated CREB protein phosphoryla-
tion to a moderate degree in control cells and to a significantly
greater degree in cells depleted of OPN (Fig. 6B). This enhanced
capacity of ISO to simulate CREB activity in the absence of OPN
correlates with the effect of OPNon cAMP generation in the same
cells (Fig. S5, Left). Similarly, depletion of OPN increased the
changes in CRE-dependent gene expression as measured by a lu-
ciferase-based CRE reporter (CRE-Luc) (Fig. S5). Consistent
with the involvement of the cAMP/PKA signaling pathway in the
transcriptional regulation induced by ISO, no enhancement of
ISO-induced luciferase activity was observed when OPN-specific
siRNA transfected (si-OPN) cells were pretreated with H89,
a specific PKA inhibitor (Fig. 6C, black bars, lane 2 vs. 3). Iso-
butylmethylxanthine (IBMX), an inhibitor of cAMP-specific
phosphodiesterases, increased ISO-induced luciferase activity
(Fig. 6C, gray bars, lane 2 vs. 4), and depletion of OPN increased
luciferase activity still further (Fig. 6C, gray bar in lane 4 vs. black
bar in lane 4). Forskolin, a direct activator of adenylate cyclases,
had a similar effect (Fig. 6C, gray bar in lane 5 vs. black bar in lane
5).We further confirmed a role for OPN in regulating downstream
signaling by β2AR in amesenchymal cell line (C2C12; Fig. S6, lane

2 vs. lane 4). OPN thus inhibits CRE transcription in at least two
different osteoblastic lineage cells. Interestingly, si-OPN alone
slightly enhanced CRE-Luc activity in the absence of ISO in
osteoblasts, similar to the increased baseline cAMP levels de-
scribed above (Fig. 6C, gray bar in lane 1 vs. black bar in lane 1).
Altogether, these data show that OPN inhibits both immediate
and downstream signaling by β2AR and that OPN acts by inter-
acting with GS rather than with the receptor itself.

Discussion
Genetic studies have shown that the sympathetic nervous system
controls bone mass by regulating local bone remodeling (7, 8).
However, mechanisms that link the nervous system and bone
metabolism remain poorly understood. Based on results obtained
with genetic, physiological, and cell-based assays, we propose that
OPN plays a key role in linking the sympathetic tone and the

Fig. 6. OPN control of β2AR signaling. (A) Av-
eraged cAMP responses mediated by ISO. cAMP
induction over a 30-min time course was moni-
tored by FRET changes fromMC3T3 osteoblastic
cells transiently expressing epac-CFP/YFP alone
(control, Left) or in combination with si-OPN
(Center) or overexpressing OPN (Right). Bars
represent the average cAMP responses de-
termined bymeasuring the area under the curve
from 0 to 30 min for cAMP. Data represent the
mean ± SEM of n = 15 (ctrl), n = 28 (si-OPN), and
n = 34 (OPN). (*P < 0.01, **P < 0.05). (B) Western
blot analyses of CREBphosphorylation in control
andOPN-depletedMC3T3 cells in response to 10
μM ISO. Bars represent the mean ± SEM of n = 3
(**P < 0.01). (C) CRE-Luc activity (pCRE-Luc) in
control cells (control) and cells transfected with
si-OPN in response to 10 μM ISOwith or without
H89, IBMX, or forskolin (Fsk). siRNA for OPN
enhanced the ISO-induced increase in the levels
of luciferase activity, and H89, a PKA inhibitor,
suppressed the enhancement. Bars represent
the mean ± SEM of n = 4 (*P < 0.05, **P < 0.01).
(D) Coimmunoprecipitation of GαS and OPN.
Cells transfected with GαS in combination with
Gβ1γ2 (GS) and empty vector were challenged
with carrier or with 10 μM ISO. OPN was immu-
noprecipitated with Sepharose beads conju-
gated to anti-C25 monoclonal antibody, and
GαS was detected with a polyclonal antibody
against GFP (n = 4). IP, immunoprecipitation; IB,
immunoblot detection.

Fig. 7. Model of regulation of β2AR signaling by OPN. Our data suggest that
intracellular OPN regulates β2AR signaling in osteoblasts by interacting with GS

to reduce the time course of cAMP production and CRE-dependent transcrip-
tion activity to ultimately reduce bone mass. Extracellular OPN is also involved
in regulation of bone cells by activation of CD44/integrin family of receptors.

Nagao et al. PNAS | October 25, 2011 | vol. 108 | no. 43 | 17771

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109402108/-/DCSupplemental/pnas.201109402SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109402108/-/DCSupplemental/pnas.201109402SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109402108/-/DCSupplemental/pnas.201109402SI.pdf?targetid=nameddest=SF6


regulation of bone loss by regulation of cAMP signaling by the
β2AR. First, sympathetic tone enhances OPNmRNA and protein
levels in circulation and bone cells. Second, OPN is required for
influence of the sympathetic tone on two aspects of bone me-
tabolism, increased catabolic activity by osteoclasts and reduced
anabolic activity by osteoclasts, resulting in decreased in bone
mass. Third, OPN depletion enhances the capacity of β2AR ago-
nists to stimulate cAMP production, CREB protein phosphory-
lation, and CRE-dependent luciferase activity in cultured mouse
osteoblasts, whereas OPN overexpression has the inverse effect.
It is notable that loss of OPN slightly increased basal cAMP as
well as CRE-Luc activity even in the absence of agonist treatment.
This observation would suggest that OPN reduces both ligand-
dependent and -independent signaling by β2AR. The influence
of OPN on bone metabolism is therefore at least partially attrib-
utable to direct regulation of β2AR signaling at the cellular level.
These characteristics would make OPN a key player in the regu-
lation of bone mass by the sympathetic tone. Given that OPN has
an inhibitory effect on adrenergic receptors, the up-regulation of
OPN expression in bone by the sympathetic tone could represent
a unique feedback pathway to influence metabolic responses not
only to agonists of the β2AR but also to other receptors.
Secreted OPN acts as a cytokine by binding extracellular

domains of cell-surface receptors such as CD44 and αvβ3 (18).
Recent reports indicate that OPN is also present in the in-
tracellular compartment, where it can act as a signaling molecule
or a scaffold (13, 19, 20). With a perfusion system and a FRET-
based cAMP assay, we were able to assess the action of OPN
inside the cell. Given that OPN function is also detected inside
the cell, it is therefore possible that intracellular as well as se-
creted OPN regulate ISO-induced cAMP signaling (Fig. 7).
Thus, we have identified a functional interaction between the
β2AR/GS system and OPN that might modulate bone mass.

Materials and Methods
Animals. OPN-deficient male mice were produced as described (12). The
original chimeric mice were backcrossed with 129 S1 mice to generate 129
mixed-background mice. Animals were backcrossed to the 129 strain to
obtain isogenic mice. β2AR-deficient mice in the C57BL/6 background were
produced as described (21). All animals were housed under controlled con-
ditions at 25 °C on a 12-h light/12-h dark cycle. Experiments were approved
by the animal welfare committee of the Tokyo Medical and Dental Univer-
sity. Mice were killed by overdose of pentobarbital.

FRET-Based cAMP Assay in Live Cells. This assay was performed with individual
cells as previously described (22). In brief, cells plated on glass coverslips coated
with poly-D-lysine and maintained in FRET buffer were placed on a Nikon Ti-E
or Zeiss Axiovert 200 inverted microscope equipped with an oil-immersion 60
N.A. 1.49 plan-apo objective and a dichroic beam splitter to allow simultaneous
recording of CFP and YFP fluorescence channels (DualView2; Photometrics or
TILL Photonics). The emission fluorescence intensities were determined at
535 ± 15 nm (YFP) and 480 ± 20 nm (CFP) with a beam splitter DCLP of 505 nm.
The FRET ratio for single experiments was corrected according to Eq. 1:

Ratio
�
FYFP
FCFP

�
¼ Fex436=em535

YFP −a× Fex436=em480
CFP −b× Fex500=535YFP

Fex436=em480
CFP

[1]

where FYFP
ex436/em535 and FCFP

ex436/em480 represent, respectively, the emission
intensities of YFP (recorded at 535 nm) and CFP (recorded at 480 nm) upon
excitation at 436 nm; a and b represent correction factors for the bleed-
through of CFP into the 535-nm channel (a = 0.35) and the cross-talk attrib-
utable to the direct YFP excitation by light at 436 nm (b = 0.06). FYFP

ex500/em535

represents the emission intensity of YFP (recorded at 535 nm) upon direct
excitation at 500 nm and was recorded at the beginning of each experiment.
Note that bleed-through of YFP into the 480-nm channel was negligible. For
each measurement, changes in fluorescence emissions attributable to pho-
tobleaching were subtracted. To ensure that CFP- and YFP-labeled molecule
expression were similar in examined cells, we performed experiments in cells
displaying comparable fluorescence levels.

The means of FRET experiments were calculated according to Eq. 2, which
normalizes for different expression levels of CFP and YFP molecules:

NFRET ¼ Fex436=em535
YFP − a× Fex436=em480

CFP −b× Fex500=em535
YFPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fex436=em480
CFP × Fex500=em535

YFP

q [2]

Note that, in the epac-CFP/YFP, the FCFP/FYFP ratio decreases upon generation
of cAMP, but it is represented as a positive signal for convenience.

More details are included in SI Materials and Methods.

Statistical Evaluation. Data are expressed as mean ± SEM for all values.
Statistical significance of the differences was evaluated based on Student’s
t test or two-way ANOVA.
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