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Real-time monitoring of cAMP in brown
adipocytes reveals differential
compartmentation of 31 and [3;3-adrenoceptor
signalling
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ABSTRACT

Objective: 3’,5'-Cyclic adenosine monophosphate (cAMP) is a central second messenger governing brown adipocyte differentiation and
function. B-adrenergic receptors (B-ARs) stimulate adenylate cyclases which produce cAMP. Moreover, cyclic nucleotide levels are tightly
controlled by phosphodiesterases (PDEs), which can generate subcellular microdomains of cAMP. Since the spatio-temporal organisation of the
cAMP signalling pathway in adipocytes is still unclear, we sought to monitor real-time cAMP dynamics by live cell imaging in pre-mature and
mature brown adipocytes.

Methods: We measured the real-time dynamics of cAMP in murine pre-mature and mature brown adipocytes during stimulation of individual -
AR subtypes, as well as its regulation by PDEs using a Forster Resonance Energy Transfer based biosensor and pharmacological tools. We also
correlated these data with B-AR stimulated lipolysis and analysed the expression of 3-ARs and PDEs in brown adipocytes using gPCR and
immunoblotting. Furthermore, subcellular distribution of PDEs was studied using cell fractionation and immunoblots.

Results: Using pre-mature and mature brown adipocytes isolated from transgenic mice expressing a highly sensitive cytosolic biosensor Epaci-
camps, we established real-time measurements of CAMP responses. PDE4 turned out to be the major PDE regulating cytosolic CAMP in brown
preadipocytes. Upon maturation, PDE3 gets upregulated and contributes with PDE4 to control ;1-AR-induced cAMP. Unexpectedly, B3-AR
initiated cAMP is resistant to increased PDE3 protein levels and simultaneously, the control of this microdomain by PDE4 is reduced upon brown
adipocyte maturation. Therefore we postulate the existence of distinct cAMP pools in brown adipocytes. One cAMP pool is formed by B1-AR
associated with PDE3 and PDE4, while another pool is centred around B3-AR and is much less controlled by these PDEs. Functionally, lower
control of B3-AR initiated cAMP by PDE3 and PDE4 facilitates brown adipocyte lipolysis, while lipolysis activated by [4-AR and is under tight
control of PDE3 and PDE4.

Conclusions: We have established a real-time live cell imaging approach to analyse brown adipocyte CAMP dynamics in real-time using a CAMP
biosensor. We showed that during the differentiation from pre-mature to mature murine brown adipocytes, there was a change in PDE-dependent

compartmentation of B;-and B3-AR-initiated cAMP responses by PDE3 and PDE4 regulating lipolysis.
© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Brown adipocytes; cAMP; PDE; FRET; Beta receptors; Compartmentation

1. INTRODUCTION related comorbidities, and attempts have been made to fully
comprehend the biology of BAT.

The thermogenic potential of brown adipose tissue (BAT) is the basis  BAT is physiologically activated by cold exposure, which induces the

for its effect on whole-body energy expenditure and metabolism [1—  release of norepinephrine (NE) from the sympathetic nervous system

4]. Since the identification of BAT in humans [1—5], it has been [6]. The binding of NE to G-protein-coupled receptors (GPCRs) that are

recognized as potential therapeutic target to combat obesity and coupled to stimulatory G-proteins (Gs) activates adenylyl cyclases
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(ACs), increasing the intracellular concentration of the second
messenger 3',5'-cyclic adenosine monophosphate (CAMP) [7]. All
three subtypes of Gg-coupled B-adrenergic receptors (3-ARs), B1, Ba,
and f3, have been shown to be expressed in BAT [8,9], with B3-AR
being the most extensively studied receptor for stimulation of BAT in
mice and humans. The major cCAMP effector protein kinase A (PKA)
[10,11] mediates activation of both adipose tissue triglyceride lipase
[12] and hormone sensitive lipase [13] which break down storage
lipids to free fatty acids. Free fatty acids bind to and activate the BAT-
specific mitochondrial protein uncoupling protein-1 (UCP1), thereby
increasing mitochondrial proton leak and converting the energy of
substrate oxidation into heat [14].

The levels of CAMP are regulated not only via its synthesis by ACs but
also at the level of its degradation by phosphodiesterases (PDEs) [15].
PDEs are intracellular enzymes which locally hydrolyse cAMP to
adenosine monophosphate (AMP), thereby generating distinct sub-
cellular cyclic nucleotide microdomains. They encompass 11 families
of which PDE4, 7, and 8 are cAMP-specific; PDE5, 6, and 9 are 3/,5'-
cyclic guanosine monophosphate (cGMP) specific; and PDE1, 2, 3, 10,
and 11 are dual-specific PDEs which hydrolyse both cAMP and cGMP
[16]. PDEs and their different isoforms have been described to regulate
a vast range of functions in different organs [17—22].

The myriad of specific functions conveyed by the same second
messenger can be achieved by intracellular compartmentation of
cAMP in microdomains, which are associated with certain organelles
or macromolecular protein complexes and are tightly regulated by local
pools of PDEs [23]. To better understand compartmentalised cAMP
signalling, Forster resonance energy transfer (FRET)-based imaging
has been widely used as a tool to measure intracellular cAMP dy-
namics in real-time in a variety of cell types [24—26]. This is possible
with FRET biosensors containing a single cCAMP binding domain from
the exchange protein directly regulated by cAMP (Epac) fused to a pair
of fluorescent proteins, such as yellow fluorescent protein (YFP) and
cyan fluorescent protein (CFP) [27].

Given the central role of cCAMP in BAT activation, we set out to study
its spatial and temporal organisation within brown adipocytes (BAs).
Although the importance of compartmentalised [3-AR-initiated cAMP
signalling and its regulation by PDEs have been well-studied in
cardiomyocytes and other cells [28—31], no reports are available on
real-time CAMP measurements in BAs. Therefore we monitored real-
time B-AR/CAMP dynamics in murine pre-mature and mature BAs
and compared the role of PDEs in CAMP compartmentation between
these cell types. We found that PDEs differentially compartmentalise
B1-and B3-AR-initiated CAMP responses in murine pre-mature and
mature BAs.

2. RESULTS

2.1. Real-time measurements of CAMP from different 3-AR
subtypes in murine brown adipocytes

To address the role of B-AR induced cAMP compartmentation, we first
confirmed the mRNA expression of different B-AR receptors in trans-
genic Epac1-camps expressing pre-mature and mature BAs. As ex-
pected, B1, B2, B3-ARs were expressed in both pre-mature and mature
BAs (Suppl. Figure 1A-C). However, B3-AR expression was low in pre-
mature BAs, but strongly upregulated upon differentiation to mature
BAs (Suppl. Figure 1C). We detected the mRNA and protein expression
of cAMP-specific and dual-specific PDEs in murine pre-mature and
mature BAs. qPCR and immunoblot analysis of the CAMP-specific PDEs
PDE4A and PDE4B revealed their downregulation in mature BAs, albeit
not significantly, while PDE4D was expressed similarly in both pre-

mature and mature BAs (Suppl. Figure 2A, C, D, E). Amongst the
dual-specific PDEs, PDE3A and PDE3B were upregulated on transcript
and protein level in mature BAs while PDE2A was found in pre-mature
and mature BAs (Suppl. Figure 2B, F, G, H). We also found the tran-
scripts of PDE7A, PDE7B, PDESA and PDE8B, while PDE4C was absent
in both pre-mature and mature BAs among the cAMP-specific PDEs
(Suppl. Figure 2A). Within the dual-specific PDEs, PDE1A, PDE2A,
PDE3A, PDE3B, and PDE10A were expressed, while PDE1B and
PDE11A were undetectable in pre-mature and mature BAs
(Suppl. Figure 2B). We also detected expression of the PDEs of interest
in this study in interscapular brown adipose tissue (iBAT), inguinal and
gonadal white adipose tissue (IWAT and gWAT, respectively) using
immunoblotting (Suppl. Figure 2C-H). PDE4A protein could be mainly
detected in iBAT, while PDE4B and PDE4D were found in all adipose
tissue depots. PDE2A, PDE3A and PDE3B were detected in all adipose
tissue depots as well (Suppl. Figure 2F-H).

To determine the subcellular localisation of the PDEs, we performed
fractionation of murine mature BA wherein we successfully isolated
fractions of cytosol, endoplasmic reticulum (ER), and mitochondria and
validated them with respective fraction-specific marker proteins
(Suppl. Methods.1.3). Immunoblot analyses revealed that all the PDEs
of interest, namely - PDE3A, 4A, 4B, 4D (Suppl. Figure 3A) and PDE2A
(Suppl. Figure 3B) - are predominantly detected in the cytoplasm.
PDE3B was restricted to ER membranes, while PDE3A was detected in
ER membranes and the cytosol. We did not detect any of the PDEs in
mitochondria. Apart from PDE3B, all analysed PDEs were detected in
the cytosol. Therefore we decided to use a cytosolic version of the
CAMP biosensor in the following experiments.

To study cAMP dynamics and compartmentation, we used FRET im-
aging in pre-mature and mature BAs. We isolated preadipocytes from
BAT of new-born transgenic mice expressing the cytosolic cCAMP
sensor Epac1-camps. This biosensor allows the analysis of intracel-
lular cAMP concentration by change of intramolecular FRET between
CFP and YFP. FRET experiments employing Epac1-camps were per-
formed on preadipocytes (Day 2) (Figure 1A,B) and in mature lipid-
laden BA after differentiation (Day 7) (Figure 1C,D). Initially, we
tested the FRET biosensor in adipocytes at both stages of differenti-
ation by stimulating cAMP production with the 3-AR agonist Isopro-
terenol (ISO, 100 nM) followed by addition of the unselective PDE
inhibitor 3-isobutyl-1-methylxanthin (IBMX, 100 uM) plus the adenylyl
cyclase activator Forskolin (Fsk, 10 puM) to elicit a maximal cAMP
response. A clear increase of CAMP production reflected by a decrease
of YFP/CFP ratio was detected in both pre-mature (Figure 1B) and
mature BAs (Figure 1D).

We next performed FRET measurements using transgenic mice
expressing Epac1-camps with the aim to establish the submaximal
ligand concentrations which can be used to activate the different 3-
ARs to comparable amounts without saturating the biosensor response
in pre-mature and mature BAs. We used IS0, a synthetic agonist for -
ARs; NE, a physiological agonist; and CL 316,243 (CL), a selective [33-
AR agonist, followed by the addition of IBMX and Fsk. The B-AR
induced-Epac1-camps FRET responses were calculated in relation to
Ro and Rmax and plotted as concentration-response curves (Figure 1E—
G). For further experiments, we used concentrations of ligands based
on the ECsg values calculated from the concentration-response curves
(Figure 1E—G) for respective [-AR/CAMP responses as follows:
100 nM ISO, 100 nM NE and 50 pM CL in pre-mature BAs, and to
100 nM ISO, 500 nM NE and 10 puM CL in mature BAs.

To individually activate B1-AR or B,-AR, we selectively inhibited the
respective B-AR subtype with Bo-blocker ICI 118551 (ICI, 50 nM) or
1-AR blocker CGP 20712A (CGP, 100 nM) followed by addition of the
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Figure 1: Measurement of real-time cAMP dynamics in pre-mature and mature murine transgenic brown adipocytes expressing Epac1-camps FRET biosensor. Single
YFP and CFP channels from (A) pre-mature and (C) mature BAs expressing cytosolic FRET biosensor and their respective traces (B) and (D) followed by YFP/CFP ratio depicted as
FRET traces upon stimulation with ISO (100 nM) and then by IBMX + Fsk (100 pM + 10 pM). A decrease in YFP/CFP ratio represents an increase of intracellular cAMP. (E—G)
Concentration-response dependencies showing the differences in the amplitude of cAMP FRET responses induced by different 3-AR ligands (E) Isoproterenol (ISO) (ECso- 92.8 nM
Pre-mature BAs, 60 nM mature BAs) (F) norepinephrine (NE) (ECso- 7.7 nM Pre-mature BAs, 353.7 nM mature BAs) and (D) the B3-AR agonist CL 316,243 (CL) (ECso- 32.8 uM
Pre-mature BAs, 7.8 1M mature BAs). FRET responses were normalized to basal corrected FRET ratio (Ro) and the maximal response evoked by IBMX + Fsk (Rmax). N = 3-4, data
are represented means + S.E.M.
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B-AR agonist I1SO (100 nM), which has preferred binding affinity for
B1.2-AR compared to 3-AR [32] (Suppl. Figure 4 A, B). To verify that
ISO activates only B1-and B»-AR subtypes but not Bs-AR, we pre-
incubated pre-mature and mature BAs with both ICI (50 nM) and CGP
(100 nM) and found that this combination blocks the ISO-mediated
cAMP increase in pre-mature and mature BA (Suppl. Figure 4 A, B).
These data show the selectivity of ISO for f1-and Bo-AR, but not Bs-
AR. Similar results were obtained when cAMP was measured in
mature BAs treated with ISO (10 nM) in combination with or without ICI
(50 nM) and CGP (100 nM) using an Enzyme-linked Immunosorbent
Assay (ELISA) (Suppl. Figure 4E). We also found that CL leads to a
specific activation of B3-AR because the $3-AR induced cAMP increase
in mature BA could not be blocked by the combination of ICI (50 nM)
and CGP (100 nM) (Suppl. Figure 4C. We could stimulate cAMP specific
to all three B-AR subtypes with the mentioned compounds in both pre-
mature and mature BAs, respectively (Suppl. Figure 5A-G). Interest-
ingly, even at high concentrations of all agonists, no full saturation of
the sensor could be reached, suggesting that these cAMP responses
are counterbalanced by activity of PDEs. Indeed, for example, when we
applied the PDE4 inhibitor Rolipram to 1-AR stimulated adipocytes,
the response to this agonist increased dramatically from
43.4% £+ 6.1 S.EIM t0 78.2% =+ 2.8 S.E.M in pre-mature BA and from
30.4% =+ 5.8 S.E.M t0 76.3% =+ 2.8 S.E.M of the maximal response in
mature BA, suggesting a tight control of B-AR initiated CAMP by PDE4.
Therefore we next evaluated the role of individual PDE families in
compartmentalisation of CAMP signals.

2.2. PDEs differently regulate cCAMP responses in pre- and mature
murine brown adipocytes upon B1-AR activation

To address the hypothesis that PDE2, PDE3 and PDE4 may differen-
tially control B-AR/CAMP dynamics in pre-mature and mature BAs, we
performed real-time measurements of CAMP upon selective inhibition
of these PDEs in context of individual receptor subtype stimulations. To
activate $1-AR, we selectively inhibited B,-AR with the B,-AR blocker,
ICI (50 nM) followed by addition of the 3-AR agonist ISO (100 nM). We
recorded Epac1-camps FRET responses upon inhibition of different
individual PDEs (PDE2 inhibitor, BAY 60-7550 100 nM, PDES3 inhibitor
Cilostamide- 10 uM, PDE4 inhibitor Rolipram- 10 pM) followed by the
unselective PDE inhibitor IBMX (100 pM) to elicit the maximum
response (Figure 2A—F). The results revealed that in combination with
f34-AR stimulation in pre-BAs, PDE4 is the major PDE family regulating
CAMP levels, since its inhibition contributed to a 1.8-fold 4= 0.14 S.E.M
(n = 6) and 3.5-fold + 0.6 S.E.M (n = 6) stronger CAMP responses as
compared to PDE3 and PDE2 inhibition, respectively. In contrast, in
mature BAs, PDE3 and PDE4 contributed similarly as major regulators
of cAMP levels, whereas PDE2 inhibitor responses were less pro-
nounced (Figure 2G). The comparison of ;-AR-induced cAMP pro-
duction followed by PDE inhibition between pre-mature and mature
BAs revealed that the inhibition of PDE3 induced significantly higher
CAMP levels in the mature BAs compared to pre-mature BAs, while
there was no difference in cAMP responses under PDE2 and PDE4
inhibition (Figure 2D). These data indicate that PDE4 is the major PDE
controlling B1-AR initiated cAMP in pre-mature and mature BAs. In
contrast, PDE3 plays a major role in the control of 31-AR initiated CAMP
in mature but not pre-mature BAs.

2.3. PDEs similarly regulate cAMP production in pre-mature and
mature murine brown adipocytes upon Po-AR activation
Epac1-camps FRET responses were recorded by selectively activating
B2-AR. We inhibited 1-AR with the B{-AR blocker CGP 20712A
(100 nM) followed by addition of ISO (100 nM) in pre-mature and

mature BAs. FRET responses were recorded with the inhibition of
different PDEs (PDE2 inhibitor, BAY 60-7550 100 nM, PDE3 inhibitor
Cilostamide- 10 pM, PDE4 inhibitor Rolipram- 10 pM) followed by
maximum stimulation with IBMX (100 pM) (Figure 3A—F). Under Bo-
AR stimulation, in pre-mature BAs the effect of PDE4 inhibition was the
highest in comparison to PDE2 and PDE3 inhibition, suggesting that
PDE4 is the main regulator of CAMP production in pre-mature BAs.
Interestingly, in mature BAs, the cAMP responses behaved similarly
after inhibition of PDE2, PDE3 and PDE4. Overall, no significant dif-
ference in cCAMP levels was observed with different PDE inhibitors
between pre-mature and mature BAs (Figure 3G), suggesting degra-
dation of 3,-AR initiated cAMP by PDEs is similarly controlled between
pre-mature and mature BAs.

2.4. PDEs differently control B3-AR-initiated cAMP in pre-mature
and mature murine brown adipocytes

Finally, we selectively activated B3-AR using its specific agonist CL in
pre-mature (30 M) and mature (50 (M) BAs followed by the addition
of inhibitors for the different PDEs (PDE2 inhibitor, BAY 60-
7550 100 nM, PDE3 inhibitor Cilostamide- 10 puM, PDE4 inhibitor
Rolipram- 10 pM) and subsequent maximal stimulation of the cytosolic
FRET sensor by IBMX (100 pM) (Figure 4A—F). We detected no dif-
ferences in cCAMP increase upon PDE2 and PDE3 inhibition between
pre-mature and mature BAs (Figure 4G). PDE4 inhibition led to a
stronger increase (2.3-fold & 0.5 S.E.M, n = 6) of B3-AR initiated
cAMP in pre-mature BAs compared to mature BAs. This indicated that
due to the low expression of B3-AR in pre-mature BAs, PDE4 could
have a stronger impact in restricting B3-AR initiated cAMP in pre-
mature BAs compared to mature BAs. From the increased expres-
sion of PDE3 in mature BAs, one would expect more PDE3-dependent-
CAMP degradation. But unexpectedly, we did not detect a significant
difference between the Cilostamide-induced effect after B3-AR initiated
activation of CAMP production in mature compared to pre-mature BA.
This was in contrast to 4-AR initiated cAMP, where the PDE3 effect
was increased (Figure 4G). Thus PDE3 controls a loco-regional cCAMP
pool after stimulation with B;-AR but not upon B3-AR activation in
mature BA. In pre-mature BA, the regulation of CAMP by PDEs was
similarly dominated by PDE4 regardless of the stimulated (-ARs.
Interestingly, we could recapitulate the main result that cAMP induced
by B3-AR stimulation is less controlled by PDEs compared to (31-AR
stimulation in murine mature BA using the cAMP ELISA Kit as a readout
system (Suppl. Figure 6). We stimulated 1-AR with ISO (10 nM) plus
ICI (50 nM) pre-treatment or B3-AR with CL (10 nM) in combination
with PDE inhibitors. The PDE3 inhibitor Cilostamide (10 pM) did not
lead to any further cAMP increase regardless if adipocytes were
stimulated with B1-or P3-AR. In contrast, we detected a strong in-
crease of cAMP upon Rolipram (10 uM) (PDE4 inhibitor) treatment
when mature BAs were activated by B1-AR, but not when they were
activated with B3-AR. This was in line with the real-time measure-
ments of CAMP.

2.5. Role of PDE3/4 in B-AR initiated lipolysis in murine brown
adipocytes

To test the functional relevance of our findings, we studied lipolysis as
a readout for BA activation. We combined stimulation of BAs with either
ISO (10 nM) to stimulate B1,2-AR or CL (10 nM) to stimulate B3-AR
using values close to their EC5¢ [33] with inhibition of PDE3/4 and
quantified lipolytic activity. Treatment with the 1,-AR agonist I1SO-
induced lipolysis, which was further amplified (2.0-
fold £ 0.3 S.E.M, n = 6) by co-treatment with Cilostamide (10 pM)
and Rolipram (10 uM), reaching a similar level as with co-treatment
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Figure 2: Differences in the regulation of cAMP dynamics by PDEs between pre-mature and mature murine transgenic brown adipocytes under (3,-AR activation.
Representative FRET traces from cytosolic FRET sensor in pre-mature and mature BAs of 34-AR activation by selectively blocking »-AR with 50 nM ICI 118551 and stimulation by
100 nM ISO followed by (A, D) PDE2 inhibitor BAY 60-7550 (BAY, 100 nM) (B, E) PDE3 inhibitor Cilostamide (Cilo, 10 uM) (C, F) PDE4 inhibitor Rolipram (Roli, 10 M) with
subsequent maximal FRET response achieved by inhibition of multiple PDEs with IBMX (100 pM). (G) Quantification of FRET responses to individual family-selective (PDE 2, 3 or 4)
inhibitors upon B-AR stimulation are shown as a percentage of the maximal PDE inhibition obtained using the unselective inhibitor IBMX. n = 6-8. Bar graphs represent
means + S.E.M. Two-way ANOVA followed by Sidak’s multiple comparison test was performed, significant differences correspond to *- p < 0.05.
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Figure 3: Regulation of cAMP dynamics by PDEs between pre-mature and mature murine transgenic brown adipocytes under 3,-AR activation. Representative FRET
traces from cytosolic FRET sensor in pre-mature and mature BAs of 3,-AR activation by selectively blocking ;-AR with 100 nM CGP 207102A and stimulation by 100 nM ISO
followed by (A, D) PDE2 inhibitor BAY 60-7550 (BAY, 100 nM) (B, E) PDE3 inhibitor Cilostamide (Cilo, 10 M) and (C, F) PDE4 inhibitor Rolipram (Roli, 10 uM) with subsequent
maximal FRET response achieved by inhibition of multiple PDEs with IBMX (100 uM). (G) Quantification of FRET responses to individual family-selective (PDE 2, 3 or 4) inhibitors
upon B,-AR stimulation are shown as a percentage of the maximal PDE inhibition obtained using the unselective inhibitor IBMX. n = 6-9. Bar graphs represent means + S.E.M.
Two-way ANOVA followed by Sidak’s multiple comparison test was performed.
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Figure 4: Differences in regulation of cAMP dynamics by PDEs bhetween pre-mature and mature murine transgenic brown adipocytes under 33-AR activation.
Representative FRET traces from cytosolic FRET sensor in pre-mature and mature BAs of [33-AR activation selectively stimulated with CL 316,243 (50 uM in pre-mature BAs,
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with the unselective PDE inhibitor IBMX (100 pM) (2.1-
fold + 0.3 S.E.M, n = 6) (Suppl. Figure 7). Interestingly, when BAs
were stimulated with the selective B3-AR agonist CL alone, lipolysis
was induced to 1.5-fold + 0.2 S.E.M (n = 6) higher as compared to
Isoproterenol. Although the concentration of CL was close to the ECsg
using lipolysis as readout [33,34], its response was not further
increased by co-treatment with Cilostamide and Rolipram or IBMX
(Suppl. Figure 7). This indicates that there are different CAMP pools
related to the B3-AR in brown adipocytes.

3. DISCUSSION

In BAs, the three different B-ARs co-exist but have different functions
[8,9], giving rise to the idea of compartmentalised cAMP [9,34,35].
Measurement of intracellular CAMP by enzyme immunoassays have
been successful, but this does not allow the analysis of distinct sub-
cellular microdomains in real time. In contrast, FRET based biosensors
enable such recordings which have been successfully used in other
cellular systems, but have been so far lacking for primary adipocytes
[23,27]. We therefore sought to establish live cell imaging of cAMP and
to identify differences between individual B-AR induced pools of CAMP
including their differential regulation by PDEs in two different stages of
BA differentiation using FRET-based biosensors.

We confirmed the presence of cAMP and dual-specific PDEs, espe-
cially of PDE2, PDE3 and PDE4 families in murine pre-mature and
mature BAs on mRNA level and protein level. Amongst the adipose
tissue depots studied here, these PDEs and their isoforms were
detected on protein level mainly in BAT and expression of these PDEs
was confirmed also in both pre-mature and mature BA. We found an
upregulation of PDE3A and PDE3B on transcript and protein level in
mature BA. PDE3B plays an important role in mature adipocytes by
inhibiting lipolysis and thereby enabling lipid accumulation upon
adipocyte maturation [36—39]. We separated different cellular com-
partments of mature BAs and found PDE4A, PDE4B, PDE4D, PDE3A
and PDE2A mainly in the cytosol as described for other cell types [16].
This led us to hypothesise the existence of multiple loco-regional CAMP
pools within the cytosol regulated by different PDEs.

This study is the first to use a FRET biosensor as a tool to study the
real-time dynamics of cCAMP in BA. We optimized important parame-
ters for our imaging system, namely as follows: exposure time and
intensity of light source to excite the CFP donor and to avoid photo-
bleaching that occurs due to covalent modification of fluorophores
[27,40]. For pre-mature and mature BAs, an exposure time of 100 ms
and 75% light intensity gave a good signal-to-noise ratio. We also
realized that single cell measurements were not possible in pre-mature
and mature BAs. Pre-mature BAs are grown in a dense monolayer to
achieve efficient differentiation to mature BAs, as described previously
[41]. Furthermore, the differentiation protocol used for our study gives
rise to a layer of mature cells with dense multilocular lipid droplets.
Therefore we chose a whole area of cells as region of interest (ROI) in
both pre-mature and mature BAs for ratiometric analysis of YFP/CFP
intensities.

A previous study demonstrated the general importance of PDE3/4 for
the regulation of total CAMP levels in mature BAs [22]. In our study, we
found that PDE3 and PDE4 tightly control B;AR-induced cAMP sig-
nalling in pre-mature BAs, while in mature BAs, B3-AR initiated cCAMP
is controlled equally but at a low level by all the three PDEs studied. We
observed an upregulation of PDE3A and PDE3B in mature BAs. The
increased regulation of 31-AR initiated-cAMP by PDE3 in mature BAs in
comparison to pre-mature BAs can be explained by the increase of
PDE3 expression in mature BAs. However, this increase in PDE3 levels

is not reflected by an increased inhibition of B3-AR induced cAMP in
mature compared to pre-mature BAs. This could possibly be due to a
spatial separation of cAMP pools by the localisation of PDE3. We hy-
pothesize that this separation might be established by signalosomes
containing B¢-AR and PDE3A/B, while B3-AR is part of a signalling
complex or microdomain with low concentrations of PDE3 in mature
BAs. The spatial separation of 31-and Bs-receptor signalling could also
be established on the subcellular level, because we and others found
PDE3B in membrane compartments [16,39]. Although B3-AR is lowly
expressed in pre-mature BAs, we detected a high degree of PDE4
dependent regulation of B3-AR cAMP pools in pre-mature BAs. Inter-
estingly, the PDE4-dependent regulation is markedly reduced upon
differentiation to mature BAs. This enables, together with increased
B3-AR expression, the Bs-receptor to generate higher amounts of local
cAMP. Although we could not detect changes of PDE4 at the protein
level, we postulate a redistribution of PDE4 isoforms between micro-
domains as shown for various PDEs in another cell type [42,43]. The
cytosolic cAMP that we detected with this FRET sensor could be
distinct from a membrane associated (e.g. ER or lipid droplet) cCAMP
pool. Functionally, we also observed that cAMP produced by the B1/o-
and P3-AR both induce lipolysis in mature BAs. But 31> -AR induced
lipolysis was controlled more by PDE3/4 than [33-AR induced lipolysis.
Our data are also in good agreement with the importance of 1-AR
function in pre-mature BAs and the shift to predominant role of B3-AR
upon BA maturation [8,34]. The shift from B4-AR signalling in pre-
mature BAs to 3-AR signalling in mature BAs is accompanied by an
altered control of CAMP degradation by PDEs that allows cAMP sig-
nalling to adapt to an adipocyte-specific demand.

In summary, our study shows differences between pre-mature and
mature BAs in terms of isoform-specific 3-AR/CAMP compartmenta-
tion. It opens a possibility to understanding the different pools of -AR
initiated cAMP and their downstream signalling relevant for physio-
logical regulation of pre-mature and mature BAs. How loco-regional
cAMP is established in detail, which proteins are involved, and how
B3-AR dependent cAMP is degraded remain open questions and
warrant further future investigations. The better understanding of these
cAMP compartments might help to design novel pharmacological tools
to modulate BA activity to tackle imbalances of energy homeostasis
like obesity or cachexia.

4. METHODS

4.1. Isolation of murine primary brown adipocytes

iBAT isolated from new born pups of wildtype (WT) (C57BL/6J) and
transgenic (TG) (FVB/N1) containing the Epac1-camps FRET sensor
previously described [24]. These mice have been originally generated
by pronuclear injection of a construct to ubiquitously express Epaci-
camps sensor under the control of the CMV-enhancer chicken beta-
actin (CAG) promotor [24]. The fat pads were minced finely in a
digestion buffer (123 mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 5 mM
Glucose, 100 mM HEPES) containing collagenase-type Il (2 mg/mL,
1.5% fatty acid-free Bovine serum albumin (BSA), pH 7.4). The con-
tents were shaken every 10 min in a shaker preheated to 37 °C at 120
RPM for 30 min until the fat pads were homogenised. The suspension
was filtered through a 100 LM nylon mesh and allowed to stand on ice
for 30 min. The middle layer containing mesenchymal stem cells
(MSCs) from iBAT was filtered through a 30 pM nylon mesh and
centrifuged at 700 g for 10 min. The pellets from 4 to 5 pups were
combined, and resuspended in 5 mL of BAT culture medium (CM)
(DMEM w/o pyruvate, 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin (P/S), 25 pg/mL sodium ascorbate, in mM — 10 HEPES,
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0.004 Insulin, 0.004 Triiodothyronine (T3)) and 1 mL/well was seeded
on a 6 well TC plate. This constituted a pool from one biological
replicate and was considered as passage (P) 0. The cells were incu-
bated overnight in the incubator at 37 °C, 5% CO». The next day, iBAT-
MSCs were immortalised with lentiviral transduction of large T-antigen
containing Simian virus 40 (SV40) (200 ng in 800 pL/6well) under
phosphoglycerate kinase 1 (PKG) promoter in BAT CM. The following
day, the well was filled with 3 mL BAT CM. 24 h post immortalisation,
the medium was replaced by BA growth medium (GM) (DMEM without
pyruvate, 10% FBS, 1% P/S) and the medium was changed every 2
days until the cells reached 90% confluency. After the cells reached
90% confluency, the cells were expanded and frozen in BA GM con-
taining 10% DMSO for cryopreservation in —150 °C. These cells were
used at passage (P) 4.

4.2. Culturing of murine primary brown adipocytes

One million cells from P4 were seeded in BA GM on a 6 well TC plate.
The process of differentiation spans 11 days. 48 h post seeding
(Day —2); BA GM was replaced by BA DM (DMEM w/o pyruvate, 10%
FBS, 1% P/S, in nM- 20 Insulin, 1 T3). After Day —1, BA DM was
replaced with BA induction medium (IM) (BA DM with in mM — 0.1
Dexamethasone, 0.5 IBMX). BA IM was changed to BA DM after 48 h
and subsequently 2 more times. Depending on the need of the ex-
periments, cells were harvested on Day —2 (pre-BA) and Day 7
(mature BA) of differentiation.

4.3. FRET measurements in murine brown adipocytes

For Epac1-camps based FRET measurements BAs were seeded onto
round glass cover slides (@ 25 mm) placed in a 6 well plate for
measurement of pre-mature BAs and for mature BAs measurement.
BAs were seeded on single well dishes (ibiTreat, p-Dish3>™™ M9" ang
were cultured as described (Results 4.2.). For respective measure-
ments, DM was removed, cells were washed with FRET Buffer (in mM
— NaCl 144, KCI 5.4, MgCl,-6H,0 1, CaCl,-2H,0, 10 HEPES)—
400 pL (pre-BA) and 1 mL (mature BA) and loaded with the same
amount of FRET buffer before starting the measurement. The com-
pounds of interest were prepared in FRET buffer and concentration of
compounds after each new subsequent addition was maintained to be
the same.

We set up the FRET imaging system consisting of a light source
(CooILED p-100, 440 nM), inverted microscope (Leica DMI 4000 B,
Leica), beam splitter (DualView) equipped with dcrx505 dichroic
mirror, and ET480/40 plus ET535/30 emission filters (Chroma
Technologies); along with a sCMOS camera (Photometrics)
connected to a computer via an interface of Arduino UNO I/0 switch
board as described [23]. An oil immersion 40X objective was used.
Post hardware configuration, software used was MicroManager 2.0
Beta coupled with Image J and the settings were as follows: Binning:
1*1, Preset: State 1. Prior to starting the experiments, a sharp image
of the BAs was adjusted with the microscope and ROI covering both the
images together from top to bottom; left and right from the channels
were selected. An optimal signal-to-noise ratio for BAs was attained at
every 10 s with an exposure time of 100 ms and 75% intensity from
the LED light source. The CFP donor was excited at 440 nM. As the
region of interest (ROI), we defined the whole area of confluent cell
monolayers to quantify YFP and CFP signal intensities, because mature
adipocytes can only be differentiated in confluent monolayers and cell
boundaries cannot be detected without staining the plasma-
membrane, using potentially interfering dyes. FRET traces for
designed experiments were recorded when the FRET ratio attained a
stable baseline. We determined the bleed through of the donor (CFP)
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into the acceptor (YFP) channel by transfecting HEK293 cells with the
donor CFP sequence plasmid and the value for our system was 0.5.
This value was subtracted from the FRET ratio and the calculations
were performed as described [44].

4.4. Statistical anaylsis

The values of RT-PCR, the band density of immunoblots, and the FRET
data were obtained from the software as described above. The results
were analysed on Microsoft Excel 2016. The graphs and statistical
analysis were performed on GraphPad Prism 6 software. Two-Way
ANOVA followed by either Sidak, Tukey or Holm-Sidak’s test statisti-
cal tests between different groups were used for multiple comparisons.
Unpaired t-test was also used to analyse differences for biochemical
experiments, as indicated in the figure legends.

4.5. Chemicals

Fsk, IBMX, and ISO were ordered from Sigma, BAY 60-7550. Cil-
ostamide, was ordered from Cayman Chemicals. Rolipram, CGP20712
dihydrochloride, ICl 118551, and CL 316243 were ordered from Tocris.
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