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Real-time monitoring of cAMP levels in living endothelial
cells: thrombin transiently inhibits adenylyl cyclase 6

R.C. Werthmann, K. von Hayn, V.O. Nikolaev, M.J. Lohse and M. Bünemann

Department of Pharmacology and Toxicology, University of Würzburg, Versbacherstrasse 9, 97078 Würzburg, Germany

The crosstalk between Ca2+ and cAMP signals plays a significant role for the regulation of
the endothelial barrier function. The Ca2+-elevating agent thrombin was demonstrated to
increase endothelial permeability and to decrease cAMP levels. Since Ca2+ and cAMP signals
are highly dynamic, we aimed to study the temporal resolution between thrombin-evoked
Ca2+ signals and subsequent changes of cAMP levels. Here we conduct the first real-time
monitoring of thrombin-mediated regulation of cAMP signals in intact human umbilical vein
endothelial cells (HUVECs) by utilising the Ca2+-sensitive dye Fluo-4 and the fluorescence
resonance energy transfer (FRET)-based cAMP sensor Epac1-camps. We calibrated in vitro FRET
responses of Epac1-camps to [cAMP] in order to estimate changes in intracellular [cAMP] evoked
by thrombin treatment of HUVECs. After increasing [cAMP] to 1.2 ± 0.2 μm by stimulation
of HUVECs with isoproterenol (isoprenaline), we observed a transient decrease of cAMP levels
by 0.4 ± 0.1 μm which reached a minimum value 30 s after thrombin application and 15 s
after the thrombin-evoked Ca2+ peak. This transient decrease in [cAMP] was Ca2+-dependent
and independent of a Gi-mediated inhibition of adenylyl cyclases (ACs). Instead the knock
down of the predominant subtype AC6 in HUVECs provided the first direct evidence that the
Ca2+-mediated inhibition of AC6 accounts for the thrombin-induced decrease in cAMP levels.
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Endothelial cells provide a semi-permeable barrier
between blood and interstitial tissues. The barrier function
of endothelial cells is established by close cell–cell tethering
mediated by adherens and tight junctions and by adhesion
of the cells to the extracellular matrix. Maintenance
or disruption of this barrier is regulated by different
pathways, many of them converging on regulation of intra-
cellular Ca2+ and cAMP signals (Michel & Curry, 1999;
Mehta & Malik, 2006).

Thrombin and inflammatory agonists enhance
endothelial permeability by triggering a rise in
[Ca2+]i (Lum et al. 1989). Upon stimulation of the
protease-activated receptor 1 (PAR-1) with thrombin,
activation of the Gq signalling cascade results in release of
Ca2+ from the endoplasmic reticulum (Barr et al. 1997;
Bogatcheva et al. 2002). As a consequence, store- and
receptor-operated Ca2+ channels in the plasma membrane
are activated, leading to Ca2+ influx from the extracellular

space also termed capacitative Ca2+ entry (Putney & Bird,
1993). Physiologically, the increase in [Ca2+]i precedes
endothelial cell contraction and disassembly of inter-
endothelial junctions leading to an increased endothelial
permeability (Wysolmerski & Lagunoff, 1990; Garcia et al.
1995; Bogatcheva et al. 2002; Vandenbroucke et al. 2008).

However, there is some evidence that the increase in
[Ca2+]i only enhances endothelial permeability if cAMP
levels are low (Carson et al. 1989; Minnear et al. 1989;
Cioffi et al. 2002). A local rise of [cAMP] at the cell
membrane prevents thrombin-induced cell gap formation
by increased adhesion of adjacent endothelial cells and
of endothelial cells to the extracellular matrix (Garcia
et al. 1995; Carson et al. 1989; Minnear et al. 1989;
Stelzner et al. 1989). On the other hand, a cytosolic
cAMP pool generated by soluble adenylyl cyclases (AC)
was suggested to support endothelial cell gap formation
and this effect even dominated over the barrier protective
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effects of cell membrane-located cAMP pools (Sayner et al.
2006).

cAMP and Ca2+ signals are not entirely independent,
but rather are subject to crosstalk; this interplay can
either be mediated by Ca2+-regulated ACs (Willoughby
& Cooper, 2007; Sadana & Dessauer, 2009) or Ca2+–
calmodulin-dependent phosphodiesterase 1 (PDE1;
Goraya & Cooper, 2005).

Endothelial cells express the Ca2+-inhibited subtypes
AC5 and AC6 (Manolopoulos et al. 1995; Stevens et al.
1995; Chetham et al. 1997; Bundey & Insel, 2003) and it
was suggested that their direct Ca2+-mediated inhibition
(Mou et al. 2009) may contribute to endothelial cell
gap formation in inflammation (Stevens et al. 1995;
Cioffi et al. 2002). Stimulation of endothelial cells with
agonists that increase [Ca2+]i was demonstrated to
decrease basal and elevated cAMP levels up to 50%. So
far, a Ca2+-induced decrease in [cAMP] in endothelial
cells has been detected by means of radioimmuno-based
assays and, therefore, changes in [cAMP] were detected
after incubating cells with Ca2+-elevating agents such as
thrombin for prolonged times (≥5 min) (Stevens et al.
1999; Cioffi et al. 2002; Creighton et al. 2003). However,
thrombin-induced Ca2+ and cAMP signals can be very
rapid and exhibit complex temporal patterns. Therefore,
we studied thrombin-induced cAMP regulation with high
temporal resolution.

Using the fluorescence resonance energy transfer
(FRET)-based cAMP sensor Epac1-camps (Nikolaev
et al. 2004), changes in [cAMP] can be monitored
in real time in single living cells. Thus, we examined
the temporal pattern of thrombin-induced Ca2+ and
cAMP signals by accomplishing the first real-time
monitoring of cAMP signals in Epac1-camps-transfected
human umbilical vein endothelial cells (HUVECs). More
precisely, we studied the impact of a thrombin-mediated
increase in [Ca2+]i on elevated cAMP levels of
isoproterenol-prestimulated HUVECs. Thereby we
observed a transient thrombin-mediated decrease of
cAMP levels and calculated the changes in [cAMP]
according to an in vitro calibration of FRET changes
of Epac1-camps to [cAMP]. By a small interfering
RNA (siRNA)-mediated downregulation of AC6 in
HUVECs, we provide the first direct evidence that a
thrombin-induced decrease in [cAMP] is due to the direct
Ca2+-mediated inhibition of adenylyl cyclases.

Methods

Cell culture and cell transfection

Human umbilical vein endothelial cells (HUVECs;
Lonza, Cologne, Germany) were cultured in complete
medium (EBM-2; Lonza) and grown in the presence
of 5% CO2 at 37◦C. HUVECs were transfected with

plasmid DNA using Amaxa Nucleofector Technology
according to the manufacturer’s instructions (Basic
Nucleofector Kit for Primary Endothelial Cells; Lonza).
HUVECs (5 × 105) were transfected with a maximum
of 3 μg DNA. Transfection of HUVECs with the
plasmid encoding Epac1-camps (Nikolaev et al. 2004) via
electroporation yielded transfection efficiencies of over
50%. For FRET measurements, HUVECs were seeded
on fibronectin-coated glass coverslips (Human Plasma
Fibronectin Purified Protein; Millipore, Schwalbach,
Germany) and FRET experiments were done 24 h after
transfection.

Non-targeting siRNA, human AC5 siRNA and human
AC6 siRNA were purchased from Dharmacon (Thermo
Fisher Scientific, Bonn, Germany) as a pool of
four independent siRNAs, respectively (siGENOME
SMARTpool). Transfection of siRNA was performed
72 h before FRET experiments using Lipofectamine
2000 (Invitrogen, Eugene, OR, USA) according to the
manufacturer’s instructions. HUVECs at 70% confluency
in a 5 cm dish were transfected with a total amount
of 600 pmol siRNA (non-targeting siRNA or a mixture
of AC5 and AC6 siRNA). After 6 h the medium was
replaced and 2 days after siRNA transfection, cells were
transfected with Epac1-camps (Nikolaev et al. 2004)
for FRET measurements. Detection of VE-cadherin
distribution with a human VE-cadherin antibody in
double-transfected HUVECs indicated that endothelial
cells still form monolayers and exhibit typical cell–cell
junctions similar to non-transfected cells (see online
Supplemental Fig. 1). For detection of VE-cadherin
distribution, confluent HUVECs on glass coverslips were
fixed for 10 min with 2% paraformaldehyde. Then, mono-
layers were treated with 0.1% Triton X-100 for 5 min. After
rinsing the cells, monolayers were preincubated for 30 min
with 10% normal donkey serum and incubated overnight
at 4◦C with human VE-cadherin antibody (1 : 100, Santa
Cruz, Heidelberg, Germany). After several rinses, mono-
layers were incubated for 60 min with Cy3-labelled donkey
anti-goat IgG (1 : 600).

HEK-tsA 201 cells were cultured in Dulbecco’s modified
Eagle’s medium (PAN-biotech, Aidenbach, Germany)
supplemented with 2 mM glutamine, 10% fetal calf serum,
0.1 mg ml−1 streptomycin and 100 U ml−1 penicillin in an
atmosphere of 5% CO2. HEK-tsA 201 cells were trans-
fected with a mixture consisting of DNA (2 μg), DMEM
and 12.5 μg polyethyleneimine (Sigma-Aldrich, St Louis,
MO, USA) in a total volume of 625 μl. The mixture was
incubated for 30 min and then put onto the cells in a 5 cm
dish.

Reagents

Adenosine desaminase (0.5 U ml−1; Roche, Palo Alto,
CA, USA) was added to the medium 30 min before
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each FRET experiment. For testing Gi-mediated
effects, cells were incubated with 0.2 mg ml−1

pertussis toxin (PTX; Sigma-Aldrich) for 6 h
before FRET measurements. The PDE1 selective
inhibitor 8-methoxymethyl-isobutylmethylxanthine
(8MM-IBMX) was added to the medium at least 30 min
before experiments and was present in the buffer
during FRET experiments (50 μM; Sigma-Aldrich).
Isoproterenol (Sigma-Aldrich) was utilized at 10 nM or
1 μM, and forskolin (Tocris, Bristol, UK) was used at
3 μM to increase cAMP levels in FRET measurements.
Thrombin from human plasma (Sigma-Aldrich) was
used at 10 U ml−1. The calcium ionophor A23187
(Sigma-Aldrich) was added at 1 μM to increase intra-
cellular Ca2+. For the in vitro calibration of Epac1-camps
we used cAMP from Sigma-Aldrich.

FRET measurements

Fluorescence microscopy and FRET measurements were
done as described previously (Hein et al. 2006). Confluent
HUVECs that were transfected with Epac1-camps and
grown on fibronectin-coated glass coverslips, were placed
on an Axiovert 200 inverted microscope (Zeiss, Jena,
Germany) using a 63× oil immersion objective, a
dual-emission photometric system and a xenon camp
based polychrome IV light source (both TILL Photo-
nics, Gräfelfing, Germany). Illumination time was 50 ms
at a frequency of 1 Hz. Excitation wavelength was set
to 436 ± 10 nm (beam splitter DCLP 460 nm), and
emission of single whole cells was recorded at 535 ± 15
and 480 ± 20 nm (beam splitter DCLP 505 nm). The
FRET-based sensor Epac1-camps consists of a single
cAMP-binding domain derived from exchange protein
directly activated by cAMP 1 (Epac1), which is flanked
by a yellow fluorescent protein (YFP) and a cyan
fluorescent protein (CFP) on either side. In the absence
of cAMP this sensor exhibits strong FRET. If cAMP
is bound to the binding domain, FRET is highly
attenuated (Nikolaev et al. 2004). Upon excitation of
CFP in intact single cells, CFP and YFP fluorescence
intensities and ratiometric FRET signals were recorded as
a read-out for cAMP concentrations. Ratiometric FRET
signal (R) was calculated as the ratio of yellow fluorescent
protein emission (F YFP) over cyan fluorescent protein
emission (F CFP), where F YFP was the emission at 535 nm,
corrected for direct excitation of YFP at 436 nm and
bleedthrough of CFP emission into the YFP channel.
Additionally, ratiometric FRET signals of all experiments
were normalised to the FRET ratio at the timepoint 0 s
(R0). Cells were continuously superfused with external
buffer (mM: NaCl 141, KCl 5.4, MgCl 1, Hepes 10 at pH 7.3)
with or without Ca2+ (2 mM CaCl2 or 5 mM EGTA). These
reagents were from AppliChem (Darmstadt, Germany).
Agonists (isoproterenol, thrombin) were freshly prepared

and applied using a rapid superfusion system (ALA
Scientific Instruments, Westbury, NY, USA).

In vitro calibration of Epac1-camps

HEK-tsA 201 cells, 40 h after transfection with
Epac1-camps, were washed three times with
phosphate-buffered saline and resuspended in 5 mM

Tris-HCl and 2 mM EDTA (pH = 7.4). After disruption
of the cells using an Ultra Turrax device for 20 s on ice
and 20 min centrifugation at 278 835 g , fluorescence
emission spectra of the supernatant (excitation at
436 nm, emission range 460–550 nm) were measured
using a fluorescence spectrometer LS50B (PerkinElmer
Life Sciences, Waltham, MA, USA) before and after
adding various concentrations of cAMP (Sigma-Aldrich)
(Nikolaev et al. 2004). Peak maxima of CFP (F CFP) and
YFP fluorescence (F YFP) were determined. F YFP/F CFP and
�F YFP/F CFP (relative to basal F YFP/F CFP without cAMP
binding) were calculated and [cAMP] was plotted against
�F YFP/F CFP as a per cent of maximal �F YFP/F CFP using
Prism 4.0 software (San Diego, CA, USA).

Ca2+ measurements

Changes in cytosolic Ca2+ levels were monitored in
HUVECs loaded with the fluorescent Ca2+-sensitive dye
Fluo-4 AM (Molecular Probes, Invitrogen). HUVECs
were incubated with 2 μM Fluo-4 AM for 20 min at
37◦C and washed with external buffer before fluorescence
measurements. Fluo-4 fluorescence was recorded with the
same photometric microscope set-up as described for
FRET measurements. Illumination time was 50 ms at a
frequency of 1 Hz. Excitation wavelength was set to 490 nm
(exciter ET470/40×, dichroic T495LP), and emission of
single whole cells was recorded at 535 ± 15 nm (DCLP
505 nm). The fluorescence intensity of Fluo-4 increases
upon Ca2+ binding.

RNA isolation and real-time quantitative PCR

Total RNA was prepared from HUVECs that were
transfected with either a non-targeting siRNA pool or
AC5/6 siRNA pools, with peqGOLD TriFast (peQLab,
Erlangen, Germany) according to the manufacturer’s
instructions. cDNA was synthesised using SuperScript II
reverse transcriptase (Invitrogen) and oligo-dT primers.
Real-time PCR was performed using iQ SYBR Green
Supermix, iCycler and iCycler iQ real-time detection
software for determination of threshold cycle values
(Bio-Rad, Hercules, CA, USA). Transcripts of AC5 and
AC6 were amplified using primer sequences that are
specific for human AC5 and AC6, respectively (AC5:
forward 5′-GCACAGGAGCACAACATCAG-3′, reverse
5′-CTCATCTACGTGCTCATCGTG-3′; AC6: forward
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5′-CAAACAATGAGGGTGTCGAGT-3′, reverse 5′-TGC-
TACCAATCGTCTTGATCTT-3′). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) transcripts were used
as a reference (forward 5′-CCAGGCGCCCAATACG-3′,
reverse 5′-CCACATCGCTCAGACACCAT-3′). PCR
conditions were as follows: 2 min initial cycle at 94◦C,
40 cycles of 94◦C for 15 s, 56◦C for 30 s and 72◦C for 40 s.

Using the 2−��CT method (Livak & Schmittgen, 2001),
the fold change in AC5 and AC6 gene expression
normalised to GAPDH gene expression was calculated
relative to control cells.

Western blot analysis

To prove the efficient inhibition of Gi protein via PTX
(Sigma-Aldrich) Western blot analysis of phosphorylated
ERK (p-ERK) was performed. HUVECs grown in a
12-well plate were kept in media without serum and
supplements for 6 h with or without PTX (0.2 mg ml−1).
Then cells were collected in 0.3 ml lysis buffer (Roti-load,
Roth, Karlsruhe, Germany, containing 50 mM NaF, 5 mM

Na4P2O7, 0.1 mM Na3VO4, 1 mM PMSF, 0.06 mg ml−1

benzamidin). Equal amounts of protein were separated
by 10% SDS-polyacrylamide gel electrophoresis and
then transferred to Immobilon-P membranes (Millipore,
Schwalbach, Germany). Membranes were incubated for
1 h in blocking buffer (10 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 5% non-fat dry milk, 0.1% Tween-20; AppliChem,
Darmstadt, Germany) and then incubated overnight at
4◦C with polyclonal rabbit p-ERK antibody (1 : 1000;
Cell Signaling, Danvers, MA, USA) in washing buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2% BSA,
0.2% NP-40; AppliChem, Darmstadt, Germany). After
rinsing three times with washing buffer, membranes were
incubated with IgG–horseradish peroxidase-conjugated
secondary antibody (1 : 10000). After washing three
times with washing buffer, signals were visualised by
chemiluminescent detection (Amersham ECL Plus; GE
Healthcare, München, Germany). To confirm the loading
of equal amounts of protein, membranes were incubated
in stripping buffer (100 mM glycin, 0.1% SDS, HCl,
pH 2.5; AppliChem), before incubation with blocking
buffer, polyclonal rabbit ERK antibody (1 : 1000; Cell
Signaling) and peroxidase-conjugated secondary antibody
(1 : 10 000).

Data analysis and statistics

Fluorescence intensities were acquired using CLAMPEX
9.0 (Axon Instruments, Foster City, CA, USA). Data were
processed using Origin 6.1 (Northampton, MA, USA)
and statistical analyses were performed using Prism 4.0.
Values are given as mean ± S.E.M. For comparison of
two individual groups, Student’s unpaired t tests were

performed and differences were considered significant
when P < 0.01 (two-tailed).

Results

Stimulation of HUVECs with Ca2+-increasing agents
induces a transient decrease of elevated cAMP levels

A fine-tuned regulation of Ca2+ and cAMP signals is
highly relevant for the maintenance or disruption of the
endothelial barrier. Therefore, we studied the relationship
between the two signals and were especially interested
in the temporal pattern of thrombin-induced Ca2+ and
cAMP signals. To address this question in real time in
living cells, we utilised the Ca2+-sensitive dye Fluo-4 and
the FRET-based cAMP sensor Epac1-camps (see Methods;
Nikolaev et al. 2004).

As Ca2+-elevating agonists like thrombin were reported
to increase endothelial permeability only if cAMP levels
are low (Carson et al. 1989; Minnear et al. 1989; Cioffi
et al. 2002) we were especially interested to see if Ca2+

signals are capable of lowering elevated cAMP levels
that would permit a consequent increase in endothelial
permeability. Therefore, we prestimulated HUVECs with
theβ-adrenergic agonist isoproterenol or directly activated
ACs using forskolin in all experiments. First, we tested the
effect of the Ca2+ ionophore A23187 (1 μM) on cAMP
levels after activation of ACs with 3 μM forskolin (Fig. 1A).
Incubation of cells with 3 μM forskolin led to a decrease in
F YFP and an increase in F CFP, resulting in a decrease of the
ratiometric FRET signal (R/R0), which is consistent with
an increase in [cAMP]. After reaching a steady-state FRET
signal, the addition of 1 μM A23187 resulted in a transient
increase of the ratiometric FRET signal, indicative of a
transient decrease in [cAMP] (Fig. 1A).

We next probed the impact of thrombin on pre-elevated
cAMP levels. To investigate the relationship of the
kinetics of Ca2+ and cAMP signals in HUVECs. we also
studied thrombin-induced Ca2+ signals in Fluo-4-labelled
HUVECs (Fig. 1B). The averaged Fluo-4 intensities
(mean ± S.E.M., n = 13, Fig. 1B) demonstrated that the
Ca2+ signals peaked approximately 15 s after thrombin
application. Figure 1C illustrates a thrombin-induced
(10 U ml−1) transient increase of ratiometric FRET
signals (R/R0) in HUVECs that were prestimulated
with 10 nM isoproterenol, indicative of a transient
decrease in [cAMP]. The transient ratiometric FRET
signal peaked about 30 s after thrombin treatment
(mean ± S.E.M., n = 14). These results demonstrated that
thrombin application led to a transient increase in [Ca2+]
and a subsequent transient decrease in pre-elevated
[cAMP]. If HUVECs were not prestimulated with
forskolin or isoproterenol to elevate cAMP levels, the
thrombin-mediated decrease in [cAMP] could not be
observed as further reduced cAMP levels are below the
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detection limit of Epac1-camps; however, we surprisingly
detected a delayed thrombin-mediated increase in [cAMP]
(Fig. 1D). The mechanism leading to an increase of cAMP
levels is the topic of ongoing studies.

Decrease of cAMP levels is Ca2+ dependent
and Gi/o independent

The thrombin-induced decrease of cAMP levels could
be potentially caused by either Gi protein-mediated
inhibition of ACs, Ca2+-mediated activation of
phosphodiesterase 1 (PDE1), or Ca2+-mediated inhibition
of AC5 and AC6. The thrombin receptor PAR-1
was shown to activate Gi proteins in rat adrenal
medullary microvascular endothelial cells and in these
cells a thrombin-induced decrease in [cAMP] was
related to Gi-mediated inhibition of adenylyl cyclases
(Manolopoulos et al. 1997). To check the involvement
of Gi protein activation, we incubated HUVECs with the
Gi protein inhibitor PTX (0.2 mg ml−1) for more than 6 h.
However, the thrombin-mediated increase in FRET was
still detectable as shown in a representative experiment in
Fig. 2A. In order to quantify thrombin-induced alterations
in [cAMP], we defined thrombin-induced changes of
ratiometric FRET signals as Rthrombin – R iso (Fig. 2A),
where R iso defines the decreased ratiometric FRET signals
after stimulation of cells with isoproterenol and Rthrombin

marks the ratiometric FRET signal 30 s after addition of
thrombin (mean time delay until reaching the maximum

Figure 1. Stimulation of HUVECs with Ca2+-increasing agents
led to a transient decrease of pre-elevated cAMP levels
A, upon CFP excitation, YFP and CFP fluorescence was recorded in
single HUVECs expressing the FRET-based cAMP sensor Epac1-camps.
Activation of adenlylyl cyclases with 3 μM forskolin led to a decrease in
YFP emission (FYFP, yellow trace, corrected for direct excitation and
bleed through) and a concomitant increase in CFP emission (FCFP, cyan
trace). The ratiometric FRET signal was normalised to R0 (R/R0, lower
panel) which is the FRET ratio at timepoint 0 s. The decrease in FRET is
consistent with an increase in [cAMP]. Addition of the Ca2+ ionophor
A23187 (1 μM) led to a transient increase in FRET representing a
transient decrease in [cAMP] (representative experiment shown). B,
Fluo-4-loaded HUVECs were first stimulated with 10 nM isoproterenol
(iso) before addition of thrombin (10 U ml−1). Upon thrombin
application, Ca2+ binding to Fluo-4 led to a transient increase in the
emission intensity induced by excitation with 490 nm. The
fluorescence intensity of single experiments was normalised for
detection of mean ± S.E.M. (n = 13). The averaged Ca2+ signal peaked
about 15 s after thrombin application. C, FRET measurements with
Epac1-camps-transfected HUVECs revealed a transient increase in
FRET after addition of thrombin (10 U ml−1) to cells prestimulated with
10 nM isoproterenol. The mean ± S.E.M. of normalised ratiometric FRET
signals (R/R0) was calculated (n = 14). The averaged transient FRET
signal reached a peak approximately 30 s after addition of thrombin.
D, thrombin (10 U ml−1) led to a delayed decrease in FRET, when
HUVECs were not prestimulated with forskolin or isoproterenol
(representative experiment shown). There was no transient increase in
FRET (compare A and C).
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increase of ratiometric FRET signals, Fig. 1C). Statistical
analysis of FRET experiments (n = 10) revealed no
difference in Rthrombin – R iso of PTX-treated cells
(0.058 ± 0.010, mean ± S.E.M.) compared to control cells
(0.057 ± 0.008, Fig. 2B). Thus, we concluded that the
thrombin-mediated increase in FRET was not due to a
Gi-mediated inhibition of ACs. The basal FRET ratio
(R0) before isoproterenol stimulation was not significantly
different in PTX-treated cells (1.63 ± 0.10) versus control
cells (1.58 ± 0.08), so we concluded that basal cAMP levels
were similar. There was also no significant difference
in the initial FRET change after isoproterenol pre-
stimulation of HUVECs (R iso – R0) after PTX treatment
(−0.259 ± 0.030, n = 10) compared to control cells
(−0.266 ± 0.040, n = 10, data not shown). To confirm an
effective inhibition of Gi proteins by PTX, we performed
p-ERK Western blot assays. Phosphorylation of ERK was
reduced in PTX-treated HUVECs compared to control
cells (26.7 ± 5.4%; n = 3; Supplemental Fig. 2).

To confirm a Ca2+-mediated effect, we repeated
experiments with PTX-treated HUVECs using
EGTA-buffered external solution without Ca2+ to
prevent capacitative Ca2+ entry. This led to a significant
reduction (P < 0.01) of the thrombin-mediated
increase in FRET (Rthrombin – R iso, Fig. 2B) compared to
PTX-treated control cells. Thus, the thrombin-induced
increase in FRET is Ca2+-dependent. To test whether a
Ca2+-mediated activation of the Ca2+-regulated PDE1
caused hydrolysis of cAMP, we next incubated HUVECs
with the selective PDE1 inhibitor 8MM-IBMX and
added the Ca2+ ionophore A23187 after prestimulation

Figure 2. Thrombin-induced decrease of cAMP levels was insensitive to PTX and dependent on elevation
of [Ca2+]i
A, a representative FRET experiment shows a thrombin-mediated increase in FRET despite PTX treatment to prevent
Gi activation. Riso and Rthrombin mark the minimal FRET ratio after isoproterenol stimulation and the FRET ratio
about 30 s after thrombin application, respectively. B, the thrombin-induced increase of the ratiometric FRET
signal, defined by Rthrombin – Riso, of PTX-incubated cells was similar to that under control conditions (n = 9).
However, Rthrombin – Riso was reduced in PTX-treated HUVECs, that were measured in EGTA-buffered external
solution without Ca2+ (∗∗P < 0.01).

with 3 μM forskolin (compare Fig. 1A). However,
FRET experiments revealed no significant difference
in RA23187 – Rforskolin, whether cells were 8MM-IBMX
treated (0.056 ± 0.012, mean ± S.E.M., n = 8) or not
(0.080 ± 0.010%, n = 10; data not shown). Preincubation
of HUVECs with 8MM-IBMX did also not significantly
alter basal FRET ratio (1.69 ± 0.14) compared to control
cells (1.63 ± 0.15), and the forskolin-induced FRET
change (Rforskolin – R0) was also not significantly different
in cells treated (−0.342 ± 0.020%, mean ± S.E.M.,
n = 8) or non-treated (−0.306 ± 0.017, n = 10) with
8MM-IBMX. The functionality of the PDE1 inhibitor was
controlled for by using PDE1-expressing cells (primary
smooth muscle cells). The acute addition of 8MM-IBMX
to these cells caused a decrease in FRET (data not shown),
consistent with an increase in [cAMP], which confirms
the functionality of 8MM-IBMX. Therefore, we exclude
a major contribution of the Ca2+-regulated PDE1 to the
observed increase in FRET in HUVECs.

Transient change in [cAMP] may be caused by
Ca2+-mediated regulation of adenylyl cyclases

Adenylyl cyclases can either be activated (AC1, AC8)
or inhibited (AC5, AC6) by an increase in intra-
cellular [Ca2+]. If the thrombin-induced increase in
FRET is caused by a Ca2+-mediated regulation of ACs,
overexpression of Ca2+-regulated or Ca2+-independent
ACs should affect Rthrombin – R iso. Therefore, HUVECs
were transfected with plasmids encoding Ca2+-inhibited
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AC6 and Ca2+-independent AC4, respectively. Figure 3A
shows a representative FRET trace of HUVECs trans-
fected with AC6. Overexpression of AC6 resulted in a
slightly increased isoprenaline-induced decrease in FRET
(Fig. 3C) and a significantly enhanced thrombin-induced
increase in FRET compared to control cells (P < 0.01,
Fig. 3D). However, overexpression of AC4 surprisingly
led to a thrombin-mediated decrease in FRET as
depicted in a representative FRET experiment (Fig. 3B),
potentially uncovering an opposing pathway leading to
a thrombin-induced elevation of cAMP levels. Over-
expression of AC4 also resulted in a significant repression
of the isoprenaline-induced decrease of ratiometric FRET
signals (R iso – R0, P < 0.01, Fig. 3C). In fact, examination
of Rthrombin values 30 s after thrombin application revealed
negative values of Rthrombin – R iso (Fig. 3D) because of the
thrombin-induced decrease in FRET.

The monomolecular cAMP sensor Epac1-camps allows
the determination of [cAMP] based on ratiometric FRET
signals. Therefore, we performed an in vitro calibration of
Epac1-camps based on [cAMP] (Fig. 3E). The established
in vitro concentration–response curve yielded an EC50

value of 1.5 μM cAMP (compare Nikolaev et al. 2004).
To translate this in vitro calibration into reliable estimates
of [cAMP] in intact cells based on changes in FRET we
needed to rely on two assumptions: first, FRET
experiments revealed that the maximal ratiometric
FRET signal of single living HUVECs was stable after
equilibration with external buffer; thus, we assumed that
[cAMP] is less than 10 nM at resting conditions (R0)
according to the in vitro calibration of Epac1-camps.
Second, the ratiometric FRET signal reached a stable
minimum with kinetics indicative of sensor saturation
upon stimulation of cells with 1 μM isoproterenol.
Therefore, we concluded that cAMP levels were elevated to
more than 100 μM (R iso) at maximal concentrations of the
isoproterenol. Analysis of FRET experiments with a stable
minimum of the ratiometric FRET signal after stimulation
of HUVECs with 1 μM isoproterenol (representative
experiment shown in Fig. 3E right) revealed a mean
R iso – R0 value of −0.55 ± 0.01 (n = 16). Thus, we
established an in vivo calibration curve for Epac1-camps
reaching from 0 to −0.55. Based on this in vivo calibration,
we calculated cAMP levels of control or transfected
cells after stimulation with 10 nM isoprenaline, and
the respective thrombin-mediated changes in [cAMP]
(Fig. 3F). In control cells, [cAMP] rose to 1.2 ± 0.2 μM and
was decreased by 0.4 ± 0.1 μM (n = 17) after thrombin
treatment. In AC6-overexpressing cells, [cAMP] increased
to 1.7 ± 0.2 μM and was diminished by 1.1 ± 0.2 μM

(n = 17), whereas in AC4-overexpressing cells the rise
in [cAMP] to 0.4 ± 0.1 μM was further increased by
0.4 ± 0.1 μM (n = 15) 30 s after thrombin application.
The respective thrombin-induced changes in [cAMP]
of AC6- and AC4-overexpressing cells were significantly

different compared to control cells (P < 0.01, Fig. 3F).
The clear dependency of the thrombin-induced changes
in cAMP levels on the expressed AC subtype pointed
towards the hypothesis that the Ca2+-dependent decrease
in [cAMP] was due to inhibition of endogenous
AC activity.

Downregulation of AC5 and AC6 by siRNA abolishes
the thrombin-mediated decrease in [cAMP]

To directly test the involvement of AC5 and AC6 in the
Ca2+-mediated decrease in [cAMP], we downregulated
the respective adenylyl cyclases using specific siRNA pools.
HUVECs were transfected with either a non-targeting
siRNA pool as a negative control or with AC5 and AC6
siRNA pools (see Methods). For the quantitative analysis
of AC5 and AC6 mRNA after siRNA transfections, we
performed real-time PCR for AC5 mRNA and AC6 mRNA,
respectively, using GAPDH mRNA as internal reference.
AC6 mRNA was significantly reduced (n = 3; P < 0.01) in
HUVECs that were transfected with AC5/6 siRNA relative
to control cells that were transfected with non-targeting
siRNA, as revealed by 2−��CT analysis of real-time PCR
data (Fig. 4A). However, the overall amount of AC5 mRNA
was too low (<0.05% of AC6 mRNA; data not shown)
to detect a siRNA-mediated downregulation. This is in
agreement with real-time PCR data of Bundey & Insel
(2003) that detected only minor amounts of AC5 trans-
cripts in HUVECs compared to AC6 transcripts.

A representative FRET trace of HUVECs that
were transfected with non-targeting siRNA shows that
the thrombin-mediated increase in FRET was not
affected by siRNA transfection (Fig. 4B). However,
transfection of AC5/6 siRNA resulted in a complete
loss of the thrombin-induced increase in FRET and
revealed a thrombin-mediated decrease in FRET instead
(representative FRET trace, Fig. 4C). Additionally, down-
regulation of AC6 mRNA resulted in a significantly
diminished isoproterenol-induced decrease of ratiometric
FRET signals (R iso – R0) after stimulation of HUVECs
with 10 nM isoproterenol (P < 0.01). However, this
effect could be compensated by stimulation of
AC5/6 siRNA-transfected cells with 30 nM isoproterenol
(Fig. 4D). The addition of thrombin to prestimulated
HUVECs led to a further decrease in FRET. Thus,
examination of Rthrombin values 30 s after thrombin
application revealed negative values of Rthrombin – R iso

(Fig. 4E). This thrombin-mediated decrease of ratiometric
FRET signals (Rthrombin – R iso) in AC5/6 siRNA-transfected
HUVECs was also seen in cells that were pre-
stimulated with 30 nM isoproterenol, which led to
elevation of cAMP levels comparable to control cells
(Fig. 4E). Thus, downregulation of the predominant
subtype AC6 abolished the thrombin-mediated decrease
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in [cAMP] and uncovered a thrombin-mediated increase
in [cAMP].

Using the calibration curve of Epac1-camps (Fig. 3E) we
calculated [cAMP] after stimulation with isoproterenol
and subsequent changes in [cAMP] after addition
of thrombin (Fig. 4F). In control cells, transfected
with non-targeting siRNA, [cAMP] increased to
1.0 ± 0.1 μM (n = 22) after isoproterenol stimulation
(10 nM). Thrombin treatment led to a reduction of
cAMP levels by 0.3 ± 0.1 μM. In AC5/6 siRNA-transfected
cells, cAMP levels rose to 0.5 ± 0.1 μM (n = 23) and
1.0 ± 0.3 μM (n = 12) after stimulation with 10 nM and
30 nM isoproterenol, respectively. Thrombin application
led to a further increase in [cAMP] by 0.3 ± 0.1 μM (10 nM

isoproterenol) and 0.4 ± 0.1 μM (30 nM isoproterenol,
Fig. 4F) and these changes in [cAMP] were significantly
different when compared to those of control cells
(P < 0.01).

In summary, we observed a transient thrombin-
mediated decrease of pre-elevated cAMP levels in
HUVECs and demonstrated that this effect is not due
to Gi protein activation, but rather is dependent on a
Ca2+-mediated inhibition of AC6.

Discussion

Ca2+ and cAMP signals control the barrier function
of endothelial cells. While a rise in intracellular Ca2+

enhances permeability of endothelial cells, a local increase
in [cAMP] at the cell membrane is barrier protective
via an increased adhesion of the cells. Thrombin is
discussed to increase endothelial permeability due to
a Ca2+-mediated endothelial cell contraction, but also
by decreasing barrier protective cAMP levels (Mehta
& Malik, 2006; Michel & Curry, 1999). The crosstalk
regulation between Ca2+ and cAMP signals may play
an important role for a fine-tuned barrier function.
Therefore, we studied the impact of thrombin-induced
Ca2+ signals on elevated cAMP levels with high temporal

Figure 3. Overexpression of AC4 and AC6 influenced the thrombin-induced decrease of cAMP levels
A, representative FRET trace of AC6-transfected HUVECs demonstrates that overexpression of AC6 enhanced the
increase in FRET. B, overexpression of AC4 abolished the transient increase in FRET, revealing a thrombin-induced
decrease in FRET (representative experiment). C, overexpression of AC6 and AC4 influenced the amount of decrease
in ratiometric FRET (Riso – R0) following stimulation with 10 nM isoproterenol. Overexpression of AC6 enhanced
Gs-mediated decrease of Riso – R0, whereas overexpression of AC4 reduced isoproterenol-induced decrease of
Riso – R0. D, the thrombin-mediated increase of ratiometric FRET signals (Rthrombin – Riso) was enhanced in HUVECs
overexpressing AC6 and reduced in cells overexpressing AC4. E, to estimate changes in [cAMP] in living cells
we measured an in vitro concentration–response curve for Epac1-camps (left). Assuming [cAMP] < 10 nM under
resting conditions (R0) and sensor saturation at [cAMP] > 100 μM after stimulation of cells with 1 μM isoproterenol
(Riso), we established a concentration–response curve with �FRET values ranging from 0 (R0) to −0.55, that
is representing the mean of 16 values of Riso – R0 after stimulation with 1 μM isoproterenol (representative
experiment shown, right). F, with help of the calibration curve of Epac1-camps (E), changes in ratiometric FRET
were translated into [cAMP]. We determined [cAMP] in control cells and in AC6- or AC4-transfected cells after
stimulation with 10 nM isoproterenol (above) and the respective change in [cAMP] after thrombin treatment
(bottom). ∗∗P < 0.01.

resolution. By using the Ca2+-sensitive dye Fluo-4 and the
FRET-based cAMP sensor Epac1-camps we monitored
Ca2+ and cAMP signals in real time in living HUVECs.
Epac1-camps-transfected HUVECs were prestimulated
with isoproterenol to elevate cAMP levels to 1.2 ± 0.2 μM.
Additional stimulation with thrombin evoked a decrease
of cAMP levels of 0.4 ± 0.1 μM (Fig. 3F). This is similar to
data obtained by standard radioimmunoassay techniques
where a Ca2+-mediated decrease of basal and elevated
cAMP levels by 20–50% was detected in pulmonary artery
endothelial cells (PAECs) and pulmonary microvascular
endothelial cells (PMVECs; Stevens et al. 1995; Cioffi
et al. 2002). However, due to the high temporal resolution
of FRET-based assays, we found this decrease in [cAMP]
to be transient (see below) with minimal cAMP levels 30 s
after thrombin application and cAMP levels to recover
within 1.5 min (Fig. 1C). Other studies that examined
endothelial permeability demonstrated a thrombin-
enhanced permeability within 0.5 min as detected by
a decrease in electrical impedance of monolayers of
bovine PAECs and PMVECs (Tiruppathi et al. 1992).
Similarly, a maximum transendothelial albumin clearance
rate occurred within 2 min in confluent bovine PAECs
(Lum et al. 1992). These results imply a fast Ca2+-mediated
regulation of cAMP signals, as detected in the pre-
sent study. However, this thrombin-evoked increase in
permeability is described to last for up to 2 h (Tiruppathi
et al. 1992), whereas cAMP levels were only trans-
iently decreased in the present study. The fast and
transient decrease in [cAMP] only explains an initial
increase in permeability. One possible explanation for
this inconsistency is that thrombin- or histamine-induced
increases in endothelial permeability were only detected
in cells that were not prestimulated with forskolin or iso-
proterenol, whereas, for example, a histamine-induced
increase in permeability in HUVECs was prevented
when cells were pretreated with forskolin (Carson et al.
1989). So possibly the transient decrease in [cAMP]
detected in this study might not be sufficient to
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induce a sustained increase in permeability. Additionally
one has to keep in mind that in this study we measured
global cAMP levels, but cAMP compartmentation might
be relevant for barrier regulation and cytoplasmic cAMP
was demonstrated to increase endothelial permeability
(Sayner et al. 2006). The measurement of locally defined
cAMP pools remains an ambitious task for future studies.

We estimated [cAMP] and thrombin-induced changes
in [cAMP] in intact cells by comparison with
in vitro-calibrated FRET signals (Fig. 3E). A reliable
estimation of in vivo cAMP levels was based on the two
assumptions that the cAMP level of single HUVECs is
less than 10 nM after equilibration with external buffer
and that [cAMP] was elevated to more than 100 μM at
maximal concentrations of isoproterenol. By using the
in vitro calibration of Epac1-camps we claim to obtain
rather approximate values for [cAMP] in intact cells.

The thrombin receptor PAR-1 is described to inter-
act with Gq, G12/13 and with the PTX-sensitive Gi

protein (McLaughlin et al. 2005; Ayoub et al. 2007;
Vandenbroucke et al. 2008). A thrombin-induced decrease
of elevated cAMP levels in rat adrenal medullary
microvascular endothelial cells was demonstrated to be
due to a Gi-mediated inhibition of adenylyl cyclases
(Manolopoulos et al. 1997). However, our experiments
revealed that the thrombin-mediated decrease in [cAMP]
in HUVECs was not caused by the activation of Gi protein
as incubation of cells with PTX did not significantly
affect the decrease of cAMP levels (Fig. 2B). Therefore, we
focused on the Ca2+-mediated regulation of cAMP signals.
The examination of thrombin-induced Ca2+ signals in
Fluo-4-labelled HUVECs revealed a rapid increase in
[Ca2+]i that peaked approximately 15 s after thrombin
application and a slow decrease in [Ca2+]i lasting over
200 s (Fig. 1B) comparable to Ca2+ measurements in
Fura-2-loaded bovine PAECs (Lum et al. 1992). The
long-lasting Ca2+ signal may reflect capacitative Ca2+

entry that is provoked by Ca2+ release from intracellular
stores. Removal of Ca2+ from an EGTA-buffered external
solution during FRET experiments significantly reduced

Figure 4. Downregulation of AC5 and AC6 by siRNA resulted in abolishment of the thrombin-mediated
decrease in [cAMP]
A, AC6 transcripts of HUVECs, that were transfected with non-targeting siRNA or AC5/6 siRNA, were analysed by
real-time quantitative PCR and normalised to GAPDH transcripts. Analysis of real-time data revealed a reduction of
AC6 transcripts in AC5/6 siRNA-transfected HUVECs relative to control cells, transfected with non-targeting siRNA
(n = 3). B, a representative FRET trace of HUVECs, transfected with non-targeting siRNA and Epac1-camps, depicts
a transient increase in FRET followed by a decrease in FRET. C, a representative FRET trace of HUVECs, transfected
with AC5/6 siRNA and Epac1-camps, demonstrates that downregulation of AC5/6 abolished the transient increase
in FRET and resulted in a decrease in FRET. D, transfection of HUVECs with AC5/6 siRNA resulted in a diminished
decrease of ratiometric FRET signals (Riso – R0) following stimulation of cells with 10 nM isoproterenol compared to
control cells. This effect was compensated by stimulation of cells with 30 nM isoproterenol. E, thrombin application
resulted in a decrease of ratiometric FRET signals (Rthrombin – Riso) in HUVECs transfected with AC5/6 siRNA in
contrast to control cells transfected with non-targeting siRNA. F, [cAMP] and changes in [cAMP] were calculated
from the respective isoproterenol- (D) and thrombin-induced FRET changes (E) by using the [cAMP] calibration
curve of Epac1-camps (Fig. 3E). ∗∗P < 0.01.

the thrombin-induced decrease of elevated cAMP levels
(Fig. 2B). We concluded, therefore, that the decrease of
cAMP levels is Ca2+-dependent. As endothelial cells do
express Ca2+-inhibited AC5 and AC6 (Manolopoulos et al.
1995; Stevens et al. 1995; Chetham et al. 1997; Bundey &
Insel, 2003) and capacitative Ca2+ entry is discussed to be
a potent regulator of AC5 and AC6 (Chiono et al. 1995;
Fagan et al. 1998), we investigated the Ca2+-mediated
inhibition of AC5 and AC6.

The thrombin-induced decrease in [cAMP] was
completely abolished in HUVECs that were transfected
with siRNA against AC5 and AC6 (Fig. 4F). AC6 was
found to be the predominant Ca2+-inhibited subtype
in HUVECs (compare Bundey & Insel, 2003) and
we demonstrate for the first time directly that the
thrombin-mediated decrease in [cAMP] is due to the
Ca2+-mediated inhibition of AC6. These data suggest
that the Ca2+-mediated inhibition of AC6 is the primary
mechanism by which thrombin induces a transient
decrease in cAMP subsequent to adrenoceptor-mediated
stimulation.

We could exclude a significant involvement of the
Ca2+-activated PDE1 and suggested that PDE1 is not
functionally expressed in HUVECs, as we could not detect
any effect of the PDE1-selective inhibitor 8MM-IBMX
that is seen in PDE1-expressing cells. This was already
reported from other studies where no significant PDE1
activity was detectable in HUVECs (Netherton & Maurice,
2004; Seybold et al. 2005). A possible minor contribution
from PDE2 indirectly activated via Ca2+, NO production
and subsequent cGMP generation cannot be excluded
(Surapisitchat et al. 2007).

Our data further support the hypothesis that the
Ca2+-mediated inhibition of AC6 may be essential for
a thrombin-mediated endothelial cell gap formation as
reported by Cioffi et al. (2002). This group showed that
overexpression of the Ca2+-stimulated AC8 in PAECs
and PMVECs abolished a thrombin-induced increase
in permeability. We assume that the Ca2+-mediated
inhibition of pre-activated AC6 might be a mechanism
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to induce endothelial cell gap formation despite
receptor-mediated pre-elevation in [cAMP]. As in the
absence of agonist we could not observe a basal increase
in [cAMP] even if AC6 was overexpressed, we conclude
that receptor-independent activity of AC6 is rather low
and therefore Ca2+-mediated inhibition of AC6 may affect
cAMP levels only when Gs-coupled receptors are activated.

As mentioned above, we unexpectedly observed a trans-
ient decrease of cAMP levels with the levels recovering
within about 1.5 min after thrombin application. This
transient decrease of cAMP levels is not consistent with
results of radioimmuno-based cAMP assays. In these
assays, a decrease of cAMP levels was detected after a 5 min
incubation of cells (PAECs and PMVECs) with thrombin
in the presence of PDE inhibitors (Stevens et al. 1995; Cioffi
et al. 2002). However, one cannot directly compare results
of enzyme-/radio-immuno-based and FRET-based cAMP
assays. Enzyme- and radio-immuno-based assays measure
total [cAMP] of cell lysates relative to protein content or
cell number. It is difficult to determine the exact cytosolic
volume and therefore the absolute concentration of cAMP
with these conventional assays. Therefore, it is particularly
difficult to accurately measure small changes in [cAMP]
with high temporal resolution. In contrast, FRET-based
assays allow the estimation of absolute [cAMP] of single
living cells within cell monolayers and the detection of
exact time frames of Ca2+-mediated changes in [cAMP]
due to real-time measurement and a rapid superfusion
system for the controlled application of agonists. The
transient decrease of cAMP levels could reflect the trans-
ient increase in Ca2+ signals, but there was a long-lasting
plateau phase and AC5 and AC6 are discussed to be
potently inhibited by capacitative Ca2+ entry (Fagan et al.
1998). Alternatively, the transient decrease of cAMP levels
could reflect a subsequent thrombin-mediated increase
of cAMP levels that we observed when HUVECs were
not prestimulated with isoproterenol to elevate cAMP
levels (Fig. 1D) and was also uncovered in cells that were
transfected with Ca2+-independent AC4 (Fig. 3B) or in
cells where AC5 and AC6 were down-regulated (Fig. 4C).
The overexpression of AC4 also seemed to compete
with endogenous AC5 and AC6 as a thrombin-mediated
decrease in [cAMP] could not be detected. The mechanism
leading to a thrombin-mediated increase of cAMP levels is
the topic of ongoing studies. A thrombin-induced trans-
ient decrease in basal [cAMP] cannot be excluded due to
the binding affinity of the sensor. However, most of the
cAMP-regulated proteins require [cAMP] above 100 nM.
Therefore, such a potential decrease in [cAMP] is not
expected to regulate cellular function.

Furthermore, our FRET data of HUVECs transfected
with siRNA against AC5 and AC6 (Fig. 4D) suggest that
AC6 represents the functionally predominant AC subtype
in HUVECs, as cAMP levels evoked by stimulation with
isoproterenol were significantly reduced in these cells.

In summary, our study presented for the first time a
real-time monitoring of thrombin-induced changes in
[cAMP] in living endothelial cells. Using a FRET-based
cAMP sensor we observed a transient decrease of
elevated cAMP levels upon thrombin application in
HUVECs. Downregulation of the predominant subtype
AC6 in HUVECs provided the first direct evidence that
the Ca2+-mediated inhibition of AC6 in HUVECs is
responsible for the thrombin-mediated decrease of cAMP
levels.
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