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Abstract

Endothelin receptors are present on the nuclear membranes in adult cardiac ventricular myocytes.
The objectives of the present study were to determine 1) which endothelin receptor subtype is in
cardiac nuclear membranes, 2) if the receptor and ligand traffic from the cell surface to the
nucleus, and 3) the effect of increased intracellular ET-1 on nuclear Ca2* signalling. Confocal
microscopy using fluorescently-labeled endothelin analogs confirmed the presence of ETB at the
nuclear membrane of rat cardiomyocytes in skinned-cells and isolated nuclei. Furthermore, in both
cardiac myocytes and aortic endothelial cells, endocytosed ET:ETB complexes translocated to
lysosomes and not the nuclear envelope. Although ETA and ETB can form heterodimers, the
presence or absence of ETA did not alter ETB trafficking. Treatment of isolated nuclei with

* Abbreviations: The abbreviations used are: 2-APB, 2-aminoethoxydiphenyl borate; A, Angiotensin Il; AR, a-adrenergic receptor;
[Ca2+]n, nucleoplasmic free calcium concentration; CaMKII, Ca2+/calmoduIin-dependent protein kinase I1; DMNB, 4,5-
dimethoxynitrobenzyl group; DNA, deoxyribonucleic acid; DCC, 1,3-dicyclohexylcarbodiimide; DCM, dichloromethane; DTT,
dithiothreitol; ECE1-a, endothelin converting enzyme 1a; cET-1, caged ET-1; caged ET-1, [Trp-ODMNle]ET-l; ET-1, endothelin 1;
ET-2, endothelin 2; ET-3, endothelin 3; ETA, endothelin type A receptor; ETB, endothelin type B receptor; ETR, endothelin receptor;
GPCR, G protein-coupled receptor; HDACS5; histone deacetylase 5; IP3, inositol 1,4,5-trisphosphate; IP3R, inositol 1,4,5-
trisphosphate receptor; 1SO, isoproterenol; MEF2, myocyte enhancing factor-2; PBS, phosphate buffered saline; PMSF,
phenylmethanesulphonylfluoride; PNGase F, peptide N-glycosidase F; gPCR, quantitative real-time polymerase chain reaction; RNA,
ribonucleic acid; RyR, ryanodine receptor; TCA, trichloroacetic acid; TFA, trifluoroacetic acid; TX-100, Triton X-100.
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peptide: N-glycosidase F did not alter the electrophoretic mobility of ETB. The absence of N-
glycosylation further indicating that these receptors did not originate at the cell surface.
Intracellular photolysis of a caged ET-1 analog ([Trp-ODMNB?ZY]ET-1) evoked an increase in
nucleoplasmic Ca2* ([Ca2*],,) that was attenuated by the inositol 1,4,5-trisphosphate receptor
inhibitor 2-aminoethoxydiphenyl borate and prevented by pre-treatment with ryanodine. A caged
cell-permeable analog of the ETB-selective antagonist IRL-2500 blocked the ability of
intracellular cET-1 to increase [Ca2*], whereas extracellular application of ETA and ETB receptor
antagonists did not. These data suggest that 1) the endothelin receptor in the cardiac nuclear
membranes is ETB, 2) ETB traffic directly to the nuclear membrane after biosynthesis, 3)
exogenous endothelins are not ligands for ETB on nuclear membranes, and 4) ETB associated
with the nuclear membranes regulate nuclear Ca2* signalling.

Keywords

endothelin receptor; nuclear envelope; nuclear Ca2*; receptor trafficking; stimulus-transcription
coupling

1. Introduction

The endothelins (ETs) comprise three isopeptides (ET-1, ET-2, ET-3), each arising from a
separate gene. The actions of endothelins are mediated by two receptor subtypes, ETA and
ETB, which couple to multiple signalling systems [1]. ETA and ETB receptors bind the
three ETs with differing affinities: ETA has greater affinity for ET-1 and ET-2 than ET-3,
while ETB binds all endothelin peptides with equal affinity [2, 3]. In heterologous
expression systems, ETA and ETB differ in their internalization and intracellular trafficking.
ETA shows ligand-dependent endocytosis and is recycled back to the plasma membrane
whereas ETB internalizes constitutively and translocate to lysosomes [4-6]. Thus, it has
been proposed that ETA, the prevalent receptor subtype in the cardiac tissue, mediates the
main cellular functions of endothelin, whereas ETB is involved in the clearance of ET-1.
However, since ET-3 also evokes a hypertrophic response [7] and the pathogenic effects of
conditional, myocyte-specific ET-1 overexpression are delayed by a mixed ETA/ETB
antagonist but not an ETA-selective antagonist [8], ETB also plays an important functional
role in adult cardiac ventricular myocytes.

To date, the cellular signalling events initiated by ET-1 have been best characterized for
endothelin receptors at the cell surface. However, endothelin receptors, as well as several
other GPCRs and their effectors, are also present on cardiac nuclear membranes (reviewed in
[9-11]). Immunocytofluorescence studies have revealed ETA to be primarily in the plasma
membrane with some perinuclear staining, whereas ETB localize to the nuclear membrane
in ventricular myocytes [12, 13]. The presence of GPCR effector molecules at the nuclear
envelope or within the nucleus further supports the concept of GPCR signalling at the
nuclear membrane [14]. In human vascular smooth muscle cells, the cytosolic application of
ET-1 induces an increase of nuclear Ca2* [15]. Furthermore, direct stimulation of isolated
cardiac nuclei with ET-1 induces a transient increase in luminal Ca2*, activates endogenous
nuclear protein kinase activities [12], and reduces de novo RNA synthesis [16]. In contrast,
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treatment of isolated cardiac nuclei with isoproterenol or angiotensin Il (Ang Il) increases
transcription initiation [16-18]. Similarly, dynorphin B, an agonist of the «x opioid receptor,
increases opioid peptide transcription in isolated cardiac nuclei [19]. In nuclei isolated from
non-cardiac cells, Ang Il [20], bradykinin B2 [21], prostaglandin E, [22—24],
lysophosphatidic acid type-1 [25, 26], metabotropic glutamate type-5 [27, 28], thromboxane
A2 [29, 30], and urotensin-I1 [31] receptor activation also altered gene expression. Hence,
endothelin receptors couple to effectors within the nuclear membrane and may be involved
in stimulus-transcription coupling. In the present study, we now show that the endothelin
receptors in cardiac nuclear membranes are of the ETB subtype. We also demonstrate that
nuclear ETB is not derived from the cell surface and, similarly, these receptors are not
regulated by ligand taken up from the extracellular media. Furthermore, the intracellular
release of a caged ET-1 analog in ventricular myocytes resulted in an inositol 1,4,5-
trisphosphate receptor (IP3R)-mediated increase in nucleoplasmic [Ca2*] and an activation
of CaMKI|I. This increase in nucleoplasmic [Ca?*] was inhibited by a cell-permeable analog
of the ETB-selective antagonist IRL2500 but not by extracellular application of ETA and
ETB antagonists.

2. Materials and Methods

2.1. Materials

FAM-ET-1, rhodamine-ET-1, and LysoTracker were from Phoenix Pharmaceuticals, Inc.
Anti-ETB and anti-ETA antibodies were from Alomone. Anti-importin 8 antibodies and
Protein A/G PLUS-Agarose were from Santa Cruz Biotechnology, Inc. HRP-conjugated
secondary antibodies were from Jackson ImmunoResearch Laboratories. Alexa Fluor 488-
conjugated donkey anti-rabbit IgG and Alexa Fluor 555-conjugated donkey anti-goat 1gG
were from Molecular Probes. Electrophoresis and immunoblotting reagents were from Bio-
Rad Laboratories.

2.2. Isolation of cardiac ventricular myocytes

Calcium-tolerant cardiomyocytes were isolated as described previously [32]. All animal
handling procedures were approved by the Animal Research Ethics Committee of the
Montreal Heart Institute and the procedures complied with guidelines established in the
Guide for the Care and Use of Laboratory Animals (NIH Publication 65-23, revised 1996).

2.3. Isolation of nuclei from cardiac ventricular myocytes

Nuclei were isolated from freshly isolated adult rat cardiac ventricular myocytes as
described previously [33, 34]. Briefly, following isolation, ventricular myocytes were
resuspended in PBS and centrifuged at 200 xg for 10 min at room temperature. Cells were
then resuspended in buffer 1 (10 mM HEPES pH 7.4, 320 mM sucrose, 5 mM MgCl,, 1 mM
DTT, and 1 mM PMSF) containing 1% (v/v) Triton X-100. Cells were sonicated for 40 s
then maintained on ice for 10 min. Nuclei were isolated by centrifugation for 15 min at 18
000 xg and 4°C into a discontinuous sucrose density gradient in buffer 2 (10 mM HEPES
pH 7.4, 1.8 M sucrose, 5 mM MgCl,, 1 mM DTT, and 1 mM PMSF). The pellet containing
the nuclear fraction was resuspended in buffer 1.
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2.4. Isolation of endothelial cells

Rat aortic endothelial cells were isolated by an explant technique [35]. Briefly, six to eight
1-mm? segments of artery were seeded in 35 mm? culture dishes to obtain five to eight
segments anchored on Matrigel. Cells were incubated in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% foetal bovine serum, 10% calf serum, 1%
penicillin-streptomycin, 90 pug/ml sodium heparin salt, 60 mg/ml EC growth supplement,
and 100 U/ml fungizone, at 37°C in a 95% air and 5% CO, incubator. Passage 2 cells were
used.

Porcine aortic endothelial cells were isolated by enzymatic digestion using type Il
collagenase as described previously [36]. Cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% foetal bovine serum, 1% penicillin-streptomycin,
and glutamine. When 90% confluence was reached, the buffer was replaced with DMEM
containing penicillin-streptomycin and glutamine, without serum (starving medium). After
16 h, the starving medium was replaced and cells were employed for
immunocytofluorescence. Cells were passaged once.

2.5. Isolation of nuclei from rat heart

Nuclei were isolated from rat heart as described previously [12, 17, 18].

2.6. Immunoprecipitation

Immunoprecipitation assays were performed on whole cell lysates (500 pg) extracted from
porcine aortic endothelial cells or from rat heart nuclei. Samples were incubated with an
anti-importin p or anti-ETB antibody (5 pg) overnight at 4 °C with constant mixing. Protein
AJG agarose beads (50 pl, 50% suspension) were then added and the samples were
incubated for 3 h at 4 °C with constant mixing. After 3 washes with 50 mM Tris-HCI (pH
7.5) containing 150 mM NaCl, immune complexes were heated at 95 °C for 3 min in
Laemmli sample buffer, resolved on 12.5% SDS-PAGE gels, transferred to PVDF
membranes, and analyzed for the presence of ETB or importin f immunoreactivity.

2.7. Immunoblot analysis

Following separation on SDS-PAGE, samples (50 ug of protein) were electrophoretically
transferred to PVDF membranes for 90 min at 100 V and 5 °C in transfer buffer containing
25 mM Tris base, 192 mM glycine and 5% methanol. Membranes were blocked by
incubation for 2 h with 5% skim milk powder in 25 mM Tris-HCI pH 7.5, 150 mM NacCl
and 0.05% Tween-20 (TBST), and then with the indicated primary antibody diluted 1:1000
in TBST containing 1% BSA for 16 h at 4 °C. The following day, membranes were washed
with TBST (3 times, 10 min, room temperature) and then incubated for 2 h with the
appropriate HRP-conjugated secondary antibody diluted 1:10,000 in blocking buffer.
Following additional washing with TBST (3 times, 10 min), immune complexes were
visualized by ECL and images acquired using Kodak BM-L or BM-R film.
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2.9. Immunofluorescence

Freshly isolated adult ventricular myocytes were plated on laminin-coated coverslips for 1 h
at 37 °C and then incubated with caged ET-1 (1 uM) for 30 min at room temperature.
Following incubation, cells were washed, placed on ice, and exposed to 3 min of UV light
(black-ray long wave, model B10OAP lamp, Thermo-Fisher) 3 cm above the plate to uncage
the cET-1. Cells were then incubated at 37 °C for 15 and 30 min. Phosphorylation of
CaMKII was evaluated by immunocytofluorescence as described previously with minor
modifications [12, 13]. Briefly, cells were incubated for 90 min at room temperature with an
anti-CaMKII phospho T286 antibody (Promega) diluted 1:50 in PBS containing 1% normal
donkey serum.

2.10. Synthesis of a cell-permeable ETB antagonist

A caged analog of the ETB-selective antagonist, IRL2500, was prepared from the
commercially available compound (Tocris Bioscience, Bristol, UK) following a method
previously described for the synthesis of caged endothelin-1 [37]. Briefly, IRL2500 (10 mg;
1 equivalent; 17 mM) in 5 mL dichloromethane (DCM) was reacted with 4,5-dimethoxy-2-
nitrobenzyl alcohol (19 mg; 5 equivalent, ~85 mM) in presence of 4-dimethylaminopyridine
(0.7 mg; 0.3 equivalent, ~6 mM) and 1,3-dicyclohexylcarbodiimide (DCC) (18 mg; 5
equivalent, ~85 mM). The reaction, followed by analytical RP-HPLC, was completed within
4-5 h as observed by the disappearance of the starting material. Following the removal of
the dicyclohexylurea formed during the esterification by filtration, the solvent was
evaporated /n vacuo and the resulting oil was extracted with HoO/DCM. Organic phases
were combined, dried over MgSQy, filtered, and the solvent removed by evaporation. The
crude caged IRL2500 was then dissolved in 0.25% of DMSO in water and purified by semi-
preparative HPLC using a Vydac C18 column (10 pm, 250 x 10 mm) eluted with a linear
gradient from eluent A to B (slope 1% B/2 min; eluent A = H,0, 0.1% trifluoroacetic acid,
Eluent B = 100% acetonitrile, 0.1% trifluoroacetic acid). Fractions were collected and
analyzed for caged IRL-2500 by analytical RP-HPLC using a Kromasil C18 column (5 pm,
100 A, 250 x 4.6 mm) and MALDI-TOF mass spectrometry on an Applied Biosystems
\oyager-DE spectrometer (Foster City, CA). Fractions containing the desired pure caged
compound were pooled, dried, lyophilized and stored at =20 °C until further use. The
addition of a 4,5-dimethoxynitrobenzyl (DMNB) group to IRL-2500 did not impede its
ability to antagonize ligand binding to ETB (Supplemental Figure 1)

2.11. Ca?* imaging

Freshly isolated ventricular myocytes were plated on laminin-coated glass-bottomed culture
dishes for 1 h at 37 °C in KB buffer. Cells were then incubated with Fluo-4 AM (5 uM) in
10 mM HEPES (pH 7.4), 134 mM NaCl, 6 mM KCI, 10 mM glucose, 2 mM CaCl, and 1
mM MgCl, for 30 min at room temperature and in the absence or presence of a photolabile
caged ET-1 analog ([Trp-ODMNBZ2L]ET-1) [37] and the IP3R inhibitor 2-
aminoethoxydiphenyl borate (2-APB), caged IRL-2500, BQ610, BQ-788, ryanodine, or
vehicle, as indicated. Cells were then washed three times and incubated for 5 min with a
cell-permeant fluorescent DNA dye, DRAQ5 (1 uM). Myocytes were then incubated an
additional 15 min at room temperature to allow for de-esterification. Fluorescence imaging
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was accomplished using a Zeiss LSM 7 Duo microscope (combined LSM 710 and Zeiss
Live systems) with a 63x/1.4 oil Plan-Apochromat objective. Fluo-4 was excited with a 488
nm/100 mW diode (1-5% laser intensity) and fluorescence emitted between 495 nm and 550
nm was collected. Cells were scanned at 30 fps in bi-directional mode. Pixel size was set at
0.2 um and the pinhole at 2 Airy units. To visualize the nucleus, DRAQ5 was excited with a
635 nm/50 mW diode and fluorescence emitted at >655 nm was collected. Fluo-4 and
DRAQS5 were excited and fluorescence collected simultaneously using 2 different Zeiss Live
detectors. Images were acquired over a total period of 80 seconds (2000 frames). After
acquiring 200 frames (6.7 s) to establish a baseline, caged ET-1 was photolysed by
administering a 7 s pulse of UV light using a 405 nm/30 mW diode (100% laser intensity).
DRAQS5 emissions were used to focus the UV laser into a 60 pm? rectangular region
overlapping the nucleus. The microscope stage (Zeiss Observer Z1) was equipped with a BC
405/561 dichroic mirror that allowed simultaneous photolysis of the caged ET-1 (LSM 710
405 nm laser) and image acquisition (Zeiss Live). As the caged ligands used herein are
photolysed upon exposure to UV, ratiometric Ca2* dyes could not be employed.

2.12. Statistical analysis

3. Results

Data are presented as the mean + the standard error of the mean (S.E.M.). The significance
of differences between groups was determined using one-way ANOVA followed by
Newman-Keul’s Multiple Comparison tests (Prism 5.0d for Mac, GraphPad Software).
Differences were considered significant when p < 0.05.

3.1. Binding of fluorescent ET-1 and ET-3 analogs in isolated Triton X-100-skinned
cardiomyocytes and nuclei isolated from cardiomyocytes

Endothelin receptors have been previously demonstrated at the nuclear membrane in adult
ventricular myocytes, [13, 17] and human vascular smooth muscle cells [15]. However, in
our previous studies we observed faint ETA immunoreactivity in the perinuclear region of
ventricular myocytes [12]. ETA binds ET-3 with 100-fold lower affinity than ET-1, whereas
ETB binds ET-1 and ET-3 with equal affinity. Hence, to identify the endothelin receptor
subtypes present on cardiac nuclear membranes we examined the binding of fluorescently-
labeled ET-1 and ET-3 analogs to nuclear membranes in Triton-skinned rat ventricular
myocytes and nuclei isolated from rat ventricular myocytes (Figure 1A). Nuclei were also
stained with fluorescent DNA dye, DRAQ5. In isolated, skinned ventricular myocytes,
rhodamine-ET-3 binding revealed a staining at the nuclear membrane and in the nucleoplasm
as well as a striated pattern into the cytosol, suggesting the presence of ETRs on the
transverse tubules (Figure 1A, Panels a, b, e, £, /, /). An enlargement of the nuclear region is
shown in Panels b, f, and j. In nuclei isolated from rat ventricular myocytes, fluorescent
labeling was observed at the nuclear membrane as well as the nucleoplasm (Figure 1A,
Panels ¢, @, g, h, k, i). Three-dimensional rendering of deconvolved z-stacks revealed an
intense staining at the nuclear membrane (Figure 1A, Panels @, 4, /). Both rhodamine-ET-3
binding and rhodamine-ET-1 (7.5 nM) binding was displaced from nuclear membranes by
the ETB-selective antagonist, BQ788 (1 uM) (Figure 1B). Furthermore, the binding of
rhodamine-ET-3 to nuclear membranes was also antagonized by BQ788 in Triton-skinned
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cardiomyocytes (Figure 1C). These results demonstrate that, although ETA predominates at
the surface of ventricular myocytes [38, 39], the endothelin receptor subtype located at the
nuclear membrane is ETB.

3.2 Trafficking of ETB in ventricular myocytes

We next sought to determine the source of ligand for ETB located on the nuclear envelope.
An intracrine ligand may be synthesized endogenously or taken up by the target cell. In
heterologous expression systems, ETB is constitutively internalized and traffics to the
lysosomes for degradation [4, 40]; hence, one possibility is that in ventricular myocytes ETB
and/or ETB-ligand complexes internalize and then translocate to the nuclear envelope. To
test this hypothesis, we analyzed the internalization and trafficking of endothelin receptors in
ventricular myocytes. Since the half-life of the ET:ETR complex is greater than 20 h [38,
41], we followed the internalization of ET:ETR complexes using fluorescent endothelin
analogs in conjunction with confocal fluorescence microscopy. Figure 2 shows FAM-ET-1
fluorescence (left, green), LysoTracker (middle, red), or an overlay of both signals (right).
FAM-ET-1 was rapidly internalized and demonstrated a highly punctate staining pattern
characteristic of vesicular compartmentalization. The overlay indicates partial colocalization
of FAM-ET-1 with LysoTracker (yellow).

Ventricular myocytes express ETA and ETB. As ET-1 is a ligand for both receptor subtypes,
the images shown in Figure 2 represent the distribution of both ETA and ETB. At nanomolar
concentrations, ET-3 binds ETB but not ETA. Thus, rhodamine-ET-3 was employed to
selectively follow the trafficking of ET-3:ETB complexes. Figure 3 shows images of
rhodamine-ET-3 fluorescence (left, red), LysoTracker (middle, green), or an overlay of both
signals (right). Within 100 seconds of addition, ET-3 fluorescence was detected in vesicles
stained with LysoTracker. Endocytosed ET-3:ETB complexes were never observed at
nuclear or perinuclear membranes.

3.3 Trafficking of ETB in endothelial cells

ETA and ETB and are co-expressed in a variety of cells, including ventricular myocytes
[38], and can form heterodimers that may differ from receptor monomers, and possibly
homodimers, with respect to endocytosis or trafficking itineraries [42, 43]. As aortic
endothelial cells express only ETB, rat aortic endothelial cells were used to determine if the
absence of ETA altered the trafficking of ET:ETB complexes (Figure 4). Within 400 seconds
of rhodamine-ET-1 addition, all of the ET-1 fluorescence (left, red) was observed within the
cells. A total colocalization of ET-1 and LysoTracker fluorescence was observed in the
overlay (right, yellow). No rhodamine-ET-1 fluorescence was observed in the nuclear or
perinuclear region.

3.4 Does ETB interact with importin g1

ETB contains a sequence of basic amino acids (KRFK) in the eighth helix that could serve
as a classical nuclear localization sequence [44, 45]. Most proteins containing this type of
sequence are transported from the cytoplasm into the nucleus by the importin a/p
heterodimer [46]. Once translocated, the nuclear localization sequence-importin complex
dissociates and the importin returns to the cytoplasm. To determine if importin 1 mediates
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the nuclear targeting of ETB, we investigated the possible presence of ETB:importin g1
complexes by co-immunoprecipitation and immunoblot analyses (Figure 5A,B). Antibody
specificity and importin 1 and ETB expression were confirmed by immunoblotting using
whole cell lysates from porcine aortic endothelial cells, control HEK293 cells, a stable
HEK?293 cell line expressing ETB-V5 (V5 is a 14 amino acid epitope tag), and rat heart
nuclei. Bands of 97-kDa (Figure 5A, left panel) and 50-kDa (Figure 5A, right panel),
corresponding to the expected size of importin 1 and ETB, respectively, were revealed. The
interaction between ETB and importin B1 was then studied by co-immunoprecipitation from
porcine aortic endothelial cells, HEK 293 cells, and rat heart nuclei. Proteins were
immunoprecipitated with an anti-ETB antibody and the resulting immune complexes were
probed using an anti-importin B1 antibody. No importin 1 immunoreactivity was detected
in ETB immunoprecipitates (Figure 5B, right panel). The reciprocal experiment yielded the
same result (Figure 5B, left panel). Hence, ETB does not form a stable complex with
importin B1.

In order to confirm the immunoblotting results, we next studied the localization of ETB and
importin B1 in rat aortic endothelial cells (Figure 5C). Cells were fixed and decorated with
antibodies directed against ETB (Figure 5C, Panels a,6,¢; green) and importin g1 (Figure
5C, Panels d,¢ f, red). Cells were also labeled with a double-stranded DNA stain, TO-
PRO-3, to delineate the nuclei (Figure 5C, Panels j &; blue). As reported previously, ETB
immunoreactivity was observed at the plasma membrane, intracellular compartments, and
the nucleus [13]. Importin B1 was located in the cytoplasm and at the nuclear envelope. To
reduce the possibility of a false conclusion of colocalization, images were deconvolved
using experimentally-derived point-spread functions, as described previously [13] (Figure
5C, Panels ¢, £ /). No voxels were identified as containing both ETB and importin p1
immunoreactivity, indicating that these two proteins did not colocalize (Figure 5C, Panels
9,h,1). The endocytosis of rhodamine-conjugated ET-3 was blocked when clathrin-mediated
uptake was inhibited using dansylcadaverine (data not shown).

3.5. ETB glycosylation

N-glycosylation is a post-translational modification wherein high-mannose
oligopolysaccarides are added to newly translated proteins in the ER and then modified to
the final mature complex oligosaccharides in the Golgi apparatus as part of protein
maturation and trafficking to the cell surface. ETB contains two potential sites for N-linked
glycosylation [3] and has been shown to be glycosylated [47, 48]. Hence, to further
determine if ETB translocates to the nucleus following endocytosis, we assessed the
glycosylation status of ETB in nuclear membranes. Isolated nuclei were incubated in the
presence or absence of peptide N-glycosidase F (PNGase F), an amidase that cleaves
between the GIcNAc and asparagine residues of N-linked glycoproteins, thus removing both
high mannose and complex glycosylations. No change in the electrophoretic mobility of
ETB was observed (Supplemental Figure 2), suggesting that ETB located at nuclear
membrane is not glycosylated. Whole-cell lysates from a stable HEK293 cell line
constitutively expressing an ETB-V5 construct were used as a positive control. Incubation
with PNGase F induced a 2-kDa reduction in apparent molecular mass, indicating
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deglycosylation of ETB-V5. Hence, ETB on the nuclear envelope has not been modified by
N-linked glycosylation, further suggesting that they are not derived from the cell surface.

An alternative source of ligand for endogenous ETB would be endogenous ET-1. All three
ETs are synthesized as precursor proteins, preproETs, which are subsequently cleaved to
pro-forms by furin-like proteases. The final step in ET biosynthesis involves the conversion
of these pro-forms, Big-ETs by endothelin converting enzymes (ECEs). Processing by ECEs
has been proposed to be a rate-limiting step in endothelin biosynthesis. Ventricular myocytes
express ET-1 and the intracellular levels of ET-1 mRNA are reduced by extracellular ET-1
(Supplemental Figure 3). Although these cells express both ETA and ETB at the cell surface
[38, 39], the ETA antagonist BQ610 prevented the ET-1-promoted reduction in ET-1 mRNA
whereas an ETB antagonist BQ788 did not. Together these data suggest that ET-1 is
generated intracellularly and, that extracellular ET-1 may actually suppress intracrine ET-1
signalling.

3.6. Signalling by intracellular ET-1

Extracellular ET-1 induces an IP3-dependent release of Ca2* from the nuclear cisternae in
ventricular myocytes [49]. Hence, we examined the ability of nuclear ETB activation to alter
nuclear Ca2* levels. ET-1 induces Ca2* release from nuclei isolated from rat heart [12]:
however, these preparations include nuclei from multiple cell types. To determine if
intracellular ET-1 induces the release of CaZ* into the nucleoplasm within the context of an
intact ventricular myocyte, a photolabile caged ET-1 analog ([Trp-ODMNB2Y]ET-1) [37]
was employed and changes in [CaZ*] were determined using the cell permeant fluorescent
Ca?* dye, Fluo-4 AM. DRAQS5 fluorescence was used to determine the position of the
nucleus and changes in nucleoplasmic Fluo-4 fluorescence were quantified. Three different
concentrations of caged ET-1 (CET-1) were tested (107>, 1076, and 10~7 M) in the loading
buffer. cET-1 release (405 nm/30 mW diode. 100% laser intensity, 7 s) caused a
concentration-dependent increase in nucleoplasmic [Ca%*] ([Ca2*],,), which was significant
at cET-1 concentrations of 106 and 107> M (Figure 6A) in the loading buffer. Note that UV
irradiation induced a transient increase in Fluo-4 fluorescence in all conditions including the
irradiated control (no cET-1). No increase in [Ca2*],, was observed in myocytes where cET-1
was excluded from the loading buffer. Addition of ETA- (BQ610) and ETB-selective
(BQ788) antagonists (1 uM) to the extracellular medium failed to block the ability of cET-1
to increase [Ca2*],, (Figure 6B). Thus, photolysed ET-1 was not leaving the cells and
activating ETRs at the cell surface but, instead, acting directly on intracellular ETB. As an
additional control, we developed a caged, cell-permeable analog of the ETB-selective
antagonist IRL-2500. The addition of a 4,5-dimethoxynitrobenzyl (DMNB) group to
IRL-2500 did not impede its ability to antagonize ligand binding to ETB (Supplemental
Figure 1, Figure 7A). Loading ventricular myocytes with cIRL-2500 in addition to cET-1
prevented cET-1 from increasing [Ca%*], (Figure 7B). The increase in [Ca2*], following
photolysis of caged ET-1 was attenuated, but was not completely blocked, by an inhibitor of
the inositol trisphosphate receptor (IP3R), 2-aminoethoxydiphenyl borate (2-APB, 20 uM)
(Figure 8). Concentrations of 2-APB as high as 100 uM failed to produce a complete block
of the increase in [Ca?*], evoked upon photolysis of cET-1 (data not shown). Although
cytosolic [Ca%*] also increased (Figure 8A), a direct comparison of changes in cytosolic and
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nuclear [Ca2*] could not be made due to differences in calcium buffering and the properties
of Fluo-4 in these compartments [50, 51]. The sarcoplasmic reticulum and perinuclear space
are interconnected such that Ca2* is free to exchange between these compartments [52]. As
ryanodine depletes the SR calcium stores [53], we examined the effect of uncaging cET-1 on
[Ca?*],, following preincubation with ryanodine. In the presence of ryanodine, intracellular
release of ET-1 failed to increase [Ca%*],,, confirming that activation of nuclear ETB resulted
in release of Ca2* from SR-perinuclear stores (Figure 8B,C). Thus, intracellular release of
ET-1 activated nuclear ETB, inducing a ryanodine-sensitive increase in [Ca2*], that involved
both 2-APB-sensitive and 2-APB-insensive CaZ* channels: the 2-APB-sensitive component
is likely due to activation of IP3R.

Extracellular ET-1 induces an increase in [Ca2*],, in rabbit ventricular myocytes via
activation of IP3R on the nuclear membranes, which, in turn, leads to an increase in active
Ca?*/calmodulin-dependent protein kinase 11 (CaMKII) within the nucleus [49, 54]. Thus,
we next sought to determine if elevation of intracellular [ET-1] affected CaMKII activity in
the nucleus. The ability of cET-1 to induce changes in CaMKII autophosphorylation was
evaluated in ventricular myocytes by immunocytochemistry. At 15 and 30 min following
release of ET-1 by photolysis cET-1, cells were fixed and then decorated with antibodies
directed against phospho-CaMKII threonine-286. Nuclei were stained with TO-PRO3. To
evaluate autophosphorylation of CaMKII, fluorescence intensity was measured in maximum
intensity projections. A significant increase in phosphorylation of CaMKII was observed
within the nucleus following photolysis of caged ET-1 (Figure 9).

4. Discussion

Plasma membrane GPCRs are known to regulate a wide variety of biological responses.
Recently, however, functional GPCRs have also been demonstrated on intracellular
membranes including the mitochondria [55] and nuclear envelope (reviewed in [11, 14]).
The functions of endogenous GPCRs remain to be established.

Nuclear localization of endothelin receptors has been demonstrated in rat liver [56], rat
cardiomyocytes [12], and mouse spiral ganglion neurons [57]. We previously reported that
ETB immunoreactivity was primarily associated with nuclear membranes in ventricular
myocytes whereas ETA was associated with the cell surface and T-tubular network as well as
showing a weaker association with nuclear or perinuclear membranes [12, 13]. Using
fluorescently-labeled ET-1 and ET-3 analogs we observed binding patterns similar to those
we observed previously by immunocytochemistry; however, BQ788, a selective antagonist
of ETB, attenuated the binding of both rhodamine-ET-3 and rhodamine-ET-1 to nuclear
membranes, thus confirming that the endothelin receptor subtype on nuclear membranes in
ventricular myocytes is ETB. We also demonstrate that nuclear ETB does not bind importin
B1, have not transited the ER-Golgi network to the cell surface, and do not translocate from
the cell surface to nuclear membranes following endocytosis. Furthermore, the intracellular
release of a photolabile, caged ET-1 analog induced an IP3-mediated increase in [Ca2*], in
intact ventricular myocytes. This increase was prevented by loading ventricular myocytes
with a cell-permeable ETB-selective antagonist, but not by extracellular ETA and ETB
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antagonists, indicating the ability of nuclear ETB to regulate Ca2* signalling within the
nucleus.

In heterologous expression systems, ETA localize primarily to the plasma membrane [4],
internalize in a ligand-dependent manner [58], and then follow a recycling pathway through
the pericentriolar recycling compartment and then back to the plasma membrane [5]. In
contrast, ETB internalizes constitutively, without a requirement for ligand binding, and then
translocates to the lysosomes for degradation [5, 40]. The fate of each receptor subtype is
under the control of specific elements regulating protein trafficking. Chimeric ETA and ETB
constructs reveal the cytoplasmic C-terminal domain of ETA is sufficient to specify receptor
recycling whereas the comparable domain in ETB specifies delivery to lysosomes [4, 6]. In
ventricular myocytes [12] and mouse spiral ganglion neurons [57], which express both ETA
and ETB, ETB is primarily associated with the nuclear membranes whereas ETA is at the
cell surface. Hence, it is unlikely that the presence of ETB on nuclear membranes is a result
of ‘overflow’ from the endoplasmic reticulum. Interestingly, both ETA and ETB, along with
several other GPCRs, possess a nuclear localization sequence within their carboxyl tail
region [44, 59]. The presence of a similar nuclear localization sequence in both ETA and
ETB implies the presence of additional structural determinants that either direct ETB to
segregate to the nucleus or ETA to the plasma membrane. Both a1A- and a1B-adrenergic
receptors are found on nuclear membranes in ventricular myocytes [59, 60] and both were
recently shown to possess nuclear localization sequence motifs within their C-terminal
domains, although, interestingly, not the same type of nuclear localization sequence [59]. In
either case, site-directed mutations within this sequence prevented sorting of either receptor
to the nucleus, but did not result in their relocalization to the plasma membrane [59].
Furthermore, when stably expressed in HEK293 cells, ETB localizes primarily to the plasma
membrane [61] (Merlen and Allen, unpublished). Hence there may also be cell-specific
factors involved in directing the localization of GPCRs, including ETB, to the nuclear
membranes.

Intracrine signalling refers to a process whereby a ligand, originating within a target cell or
taken up from the extracellular milieu, acts upon an intracellular receptor (reviewed in [9—
11, 62-67]). The origin of the ligand for endogenous endothelin receptors remains unknown.
Molecules with a suitable partition coefficient may diffuse across the plasma membrane
whereas small charged molecules could pass through channels or be taken up by
transporters. Catecholamines, for example, can cross both the plasma membrane and nuclear
membranes, thus accessing the ligand binding site within the nuclear cisternae, in ventricular
myocytes via the extraneuronal monoamine transporter (EMT/OCT3) [60]. One possible
source for intracellular endothelin would be endocytosis: once formed at the cell surface,
receptor-ligand complexes translocate to the nuclear membranes. In the present study we
investigated the trafficking of ET:ETR complexes in ventricular myocytes, rat aortic
endothelial cells and porcine aortic endothelial cells using fluorescently-labeled ET-1 and
ET-3 in order to determine if: 1) ETB on the nuclear membranes is a result of post-
endocytotic trafficking and 2) extracellular endothelin has access to ETB on nuclear
membranes. At no time was extracellularly applied rhodamine-endothelin fluorescence
detected at the nuclear membrane. An alternative possibility to endogenous endothelin
receptors being regulated by exogenous endothelins is that endothelin produced within the
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target cell acts as an intracrine ligand for endogenous receptors. Processing by ECEs has
been proposed to be a rate-limiting step in endothelin biosynthesis. ECE-1 has been found in
cytosol and nuclei in ventricular myocytes and in nuclei isolated from rat heart. There are 4
known splice variants of ECE-1 (ECE-1 a—d). ECE-1a and ECE-1c are expressed in
ventricular myocytes [68] and ECE-1c expression is upregulated 5-fold in cardiomyocytes
following congestive heart failure [68]. Nuclear localization of ECE-1a and ECE-1b has
already been demonstrated in human microvascular endothelial cells, human umbilical vein
endothelial cells, and transfected CHO cells [69, 70]. Moreover, ET-1 is produced, stored
and secreted by neonatal [71] and adult cardiac ventricular myocytes [72] under basal
conditions, and regulated in response to stretch [73], electrical stimulation [72], or
extracellular ET-1 (Supplemental Figure 2). Interestingly, although the basal level of ET-1
production in ventricular myocytes from failing hearts is unchanged, the effect of electrical
stimulation on ET-1 secretion is reduced [72]. In endothelial cells, ET-1 production is
regulated at the level of transcription, mRNA stability, and maturation of the ET precursor
protein, preproendothelin. Whereas extracellular ET-1 reduces the cellular content of ET-1
mMRNA in endothelial cells [74], Ang I, oxidized LDL, insulin, isoproterenol, thrombin,
TGFB, TNFa, verotoxin, and VEGF increase ET-1 mRNA abundance [75-77]. The best
characterized intracrine signalling system is that of peptidergic agonist, Ang Il. AT1R and
AT2R have been demonstrated on the nuclear membranes in cardiomyocytes [11],
hepatocytes, and vascular smooth muscle cell lines [78, 79]. Ventricular myocytes express
angiotensin and angiotensin converting enzyme (ACE) immunoreactivity is detected in
nuclei of cultured rat cardiomyocytes and fibroblasts as well as mesangial cells cultured
from spontaneously hypertensive rats [80, 81]. Thus, Ang Il can be generated intracellularly.
There is also evidence that intracellular Ang Il (iAng I1) levels change in various forms of
cardiomyopathy [82]. Transduction of neonatal rat ventricular myocytes with an adenoviral
construct expressing Ang Il led to the rapid induction of cellular hypertrophy [83].
Furthermore, transgenic mice engineered for cardiomyocyte-specific overexpression of rat
angiotensinogen, as driven by the mouse a-myosin heavy chain (MHC) promoter, show
increased levels of iAng Il and also develop cardiac hypertrophy [84]. Hence, intracrine
signalling may be involved in pathologic cardiac remodelling.

Extracellular ET-1 acts on cell surface ETRs to increase IP3 production in ventricular
myocytes [85]. Increasing IP3 production, in turn, increases [Ca%*],, through an IP3R-
mediated release of Ca2* from perinuclear stores in both atrial and ventricular myocytes [49,
86, 87]. ET-1 has also been shown to increase [Ca2*],,, presumably released from stores
within the nuclear cisternae, in nuclei isolated from chick heart, cultured human aortic
smooth muscle cells [15, 88] and rat heart [12]. Similarly, the ETB-selective agonist
IRL-1620 increases [Ca2*],, in nuclei isolated from rat heart [12] and liver [89]. This release
of Ca?* represents activation of calcium channels within the inner nuclear membranes (see
[90]); however, the actual mechanism whereby [Ca2*], was increased was not assessed. We
have now shown that treatment of intact ventricular myocytes with a caged ET-1 analog also
induced an IP3R-mediated increase in [Ca2*],. This increase was prevented by a cell-
permeable analog of an ETB-selective antagonist, IRL-2500, but not by adding BQ610 and
BQ788 to the extracellular medium, thus confirming a direct role of nuclear ETB in
regulating nuclear Ca2* signalling in intact ventricular myocytes. Other GPCRs found in
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nuclear membranes have also been show to increase [Ca%*],, including Ang Il [18, 91],
bradykinin B2 [21], prostaglandin E, [22-24], lysophosphatidic acid type-1 [25, 26], and
metabotropic glutamate type-5 [92-95].

IP3R-mediated CaZ*-release is involved in hypertrophy induced by isoproterenol and Ang 11
but not by constriction of the transverse aorta [96]. The increase in [Ca?*], mediated by
IP3R activates CaMKI16 within the nucleus. When activated, CaMKI18 phosphorylates
histone deacetylase 5 (HDACS) at serine-259 and serine-498, resulting in its binding a
14-3-3 chaperone and translocation to the cytoplasm [49]. Within the nucleus, HDACS5 binds
to and suppresses the transcriptional activity of myocyte enhancing factor-2 (MEF2), thus
preventing transcription of genes involved in hypertrophy (e.g., B-myosin heavy chain, atrial
natriuretic peptide, brain natriuretic peptide). We have shown that photolysis of intracellular
cET-1 induced both an IP3R-mediated increase in [Ca%*], and an increase in activated
CaMKII within the nucleus. Hence, like ETRs at the cell surface, activation of ETB on the
nuclear envelope may result in expression of MEF2-dependent genes.

The use of a caged-ET1 analog has allowed us to specifically target intracellular ETB and
study its function. Similarly, cell permeable and cell impermeable antagonists were recently
used to demonstrate that muscarinic and a1-adrenergic receptors play distinct roles in
function of their localization [97, 98]. Considering the number of GPCRs, and their
effectors, now known to localize to the nuclear membrane, the biological response evoked
upon activation of a given GPCR may be a result of the integration of signalling pathways
activated at the plasma membrane and the nuclear membrane.

A potential limitation of the present study is the lack of specific IP3R inhibitors.
Intracellular release of ET-1 by photolysis of cET-1 resulted in an increase in [Ca2*],, that
was partially blocked by the IP3R inhibitor, 2-APB. However, IP3R inhibitors such as 2-
APB and the xestospongins have multiple cellular targets, including IP3R, store-operated
Ca?* entry (SOC), and SERCA [99, 100]. In addition, the effect of 2-APB on SOC is dose-
dependent: 30-50 uM 2-APB is inhibitory whereas lower concentrations of 2-APB stimulate
SOC [101]. However, with this said, the 2-APB-sensitive component of the increase in
[Ca?*], evoked by increasing the intracellular ET-1 concentration is likely mediated by
IP3R: the identity of the 2-APB-insensitive channel remains to be determined.

5. Conclusions

We have shown that the endothelin receptor subtype present on cardiac nuclear membranes
is ETB. ETB is constitutively present on the nuclear envelope rather than being translocated
there from the cell surface upon ligand binding. Furthermore, these receptors are not
accessible to extracellular ET, implicating endogenous ET-1 as the intracrine ligand for these
receptors. Finally, nuclear ETB induces an IP3-dependent increase in [Ca2*],, in response to
cytoplasmic release of ET-1 and this increase in [Ca2*], was accompanied by an increase in
activate CaMKI1 within the nucleus. Our results demonstrate that ETB on the nuclear
envelope may play a distinct role in stimulus-transcription coupling.
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Figure 1. Binding of rhodamine-ET-3 and rhodamine-ET-1in Triton-skinned ventricular
myocytes and nuclei isolated from ventricular myocytes

A). Freshly isolated adult rat ventricular myocytes were permeabilized with Triton and then
plated on laminin-coated Fluorodish culture dishes. Skinned cells were then incubated 30
min with 0.1 uM rhodamine-ET-3 at room temperature. Cells were then washed and
DRAQS5, a fluorescent DNA dye was added to stain nuclei. Panels b, f, and j (Scale Bar =5
um) show a single nucleus from Panels a, e, and i at higher magnification. Panels c, g and k
show an isolated nucleus similarly stained with rhodamine ET-3 and DRAQ5. In panels d, h,
and | (Scale Bar = 1 um) the image stacks for the nuclei shown in the above panels have
been deconvolved (Huygens Professional Imaging Software) and then rendered to create 3D
images (Volocity 3D Image Analysis Software). B). Nuclei were prepared from freshly
isolated adult rat cardiac myocytes, plated on laminin-coated Fluorodish culture dishes and
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then preincubated with 1 uM ETB-selective antagonist BQ788 for 30 min at room
temperature. Rhodamine ET-3 or rhodamine ET-1 (7.5 nM) was added for additional 30 min
incubation. Nuclei were then washed 3 times and stained with fluorescent DNA dye,
DRAQ5. Scale Bar = 4.8 um. C). Freshly isolated adult rat ventricular myocytes were
permeabilized with Triton and then plated on laminin-coated Fluorodish culture dishes.
Skinned cells were then preincubated with 1 pM ETB-selective antagonist BQ788 for 30
min at room temperature. Rhodamine ET-3 (7.5 nM) was added for additional 30 min
incubation. Cells were then washed three times and DRAQS5 was added to stain nuclei.
Images were acquired using a Zeiss LSM 710 confocal microscope. Scale Bar = 2.3 pm.
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FAM-ET-1 LysoTracker Merged

Figure 2. Endocytosis and trafficking of FAM-ET-1in ventricular myocytes
Freshly isolated rat ventricular myocytes were plated on laminin-coated coverslips and then

treated with 30 nM LysoTracker for 15 min at 37 °C, washed and then incubated with 10 nM
FAM-ET-1 at room temperature. FAM-ET-1 fluorescence is shown in green and LysoTracker
is shown in red. Merged images on the right indicate the extent of colocalization (yellow).
Fluorescent images were acquired every 10 s at two emission wavelengths (488 and 543
nm): images acquired at 100, 500, 900, and 1,300 s after the application of FAM-ET-1 are
shown. Bottom panel shows the corresponding differential interference contrast image. The
arrow indicates the position of the nucleus. Scale Bar = 10 um.
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Rhodamine-ET-3
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Figure 3. Endocytosis and trafficking of rhodamine-ET-3 in ventricular myocytes
Freshly isolated rat ventricular myocytes were plated on laminin-coated coverslips and then

treated with 30 nM LysoTracker for 15 min at 37 °C, washed and then incubated with 5 nM
rhodamine-ET-3 at room temperature. Rhodamine-ET-3 fluorescence is shown in red and
LysoTracker is shown in green. Merged images on the right indicate the extent of
colocalization (yellow). Bottom panel shows the corresponding differential interference
contrast image. Fluorescent images were acquired every 10 s at two emission wavelengths
(488 and 543 nm): images acquired at 100, 500, 900, and 1,300 s after the application of
Rhodamine-ET-3 are shown. The arrow indicates the position of the nucleus. Scale Bar = 10
pm.
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Rhodamine-ET-1 LysoTracker merged

Figure 4. Endocytosis and trafficking of rhodamine-ET-1in rat aortic endothelial cells
Serum-starved rat aortic endothelial cells were preincubated with 10 nM LysoTracker green

at 37 °C, washed, and then incubated with 10 nM rhodamine-ET-1 at room temperature.
Rhodamine-ET-1 fluorescence is shown in red and LysoTracker is shown in green. Merged
images on the right indicate the extent of colocalization (yellow). Fluorescent images were
acquired every 10 s at two emission wavelengths (488 and 543 nm): images acquired at 0,
200, 400, and 600 s after the application of Rhodamine-ET-1 are shown. The bottom panel is
a difference interference contrast image. The arrow indicates the position of the nucleus.
Scale Bar = 10 pm.
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Figure5. ETB does not interact with importin p1
A) Expression of ETB and importin p1 was confirmed in porcine aortic endothelial cells,

HEK?293 cells and nuclei isolated from rat heart by immunoblotting. B) Lysates from
porcine aortic endothelial cells, HEK293 cells, and isolated nuclei were incubated with anti-
ETB or anti-importin 1 antibodies, as indicated. Nuclei were pre-incubated in the presence
(+) or absence (=) of ET-1 (0.1 uM, 37 °C, 5 min). Nuclei*, omission of antibody from the
immunoprecipitation reaction. Arrowhead indicates bands corresponding to the heavy and
light chains of the precipitating antibody. Numbers to the left indicate the positions of the
prestained molecular mass markers proteins. C) Immunofluorescence staining of rat aortic
endothelial cells for ETB and importin 1. Cells were fixed and then incubated with anti-
ETB (panels a,b,c) and anti-importin p1 (panels d,e,f) antibodies. The cells were also stained
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with TO-PRO-3 to reveal nuclei (panels j,k). Images b, e, h, and k show an enlargement of
the nucleus. Images were also deconvolved (panels c,f,i). Panel | shows the corresponding
differential interference contrast image.
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F(IZ%%E“? 6. Intracellular photolysis of a caged ET-1 analog induces an increase in hucleoplasmic
A) Nucleoplasmic [Ca2*] recorded in rat ventricular myocytes before and after photolysis in
cells preincubated with caged ET-1 at 10 uM, 1 uM, 0.1 uM or vehicle. B) Nucleoplasmic
[Ca?*] recorded before and after photolysis in cells preincubated with 1 pM caged ET-1,
caged ET-1 plus BQ610 (ETA antagonist) and BQ788 (ETB antagonist) (BQ; 1 uM each) or
media alone (control). Controls were performed both with (control + uv) and without
(control - uv) UV irradiation. DRAQS5 fluorescence was used to select the region
corresponding to the nucleoplasm. Signals are presented as background-subtracted
normalized fluorescence (%F/Fg), where F is the fluorescence intensity, and Fg is the resting
fluorescence recorded in the same cell under steady-state conditions prior to photolysis. For
each condition, the mean + s.e.m. of nucleoplasmic Fluo-4 fluorescence at 30 s or 50 s (as
indicated) after photolysis is presented as a histogram. Number of cells is indicated in
parentheses. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 7. A caged IRL 2500 analog inhibits rhodamine-ET-3 binding in isolated nuclei and the
increasein [CaZt],, induced by caged ET-1

A) Nuclei freshly isolated from rat ventricular myocytes were plated onto a laminin-coated
Fluorodish and preincubated for 30 min with photolysed (uIRL2500) or not photolysed
(cIRL2500) caged IRL2500 (106 M). Rhodamine ET-3 (7.5 x 102 M) was then added for
an additional 30 min incubation. Following three washes, nuclei were stained with
fluorescent DNA dye, DRAQ5. Images were acquired using a Zeiss LSM 710 microscope.
Scale Bar = 4.8 ym. B) Changes in nucleoplasmic [Ca2*] were recorded, as described in
Materials and Methaods, before and after photolysis in cells preincubated with or without
caged ET-1 (cET-1) and in presence or absence of caged IRL2500 (cIRL2500). DRAQS5 was
used to target a region corresponding to the nucleoplasm. Signals are presented as
background-subtracted normalized fluorescence (%F/Fp), where F is the fluorescence
intensity, and Fy is the resting fluorescence recorded in the same cell under steady-state
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conditions prior to photolysis. For each condition, the mean + s.e.m. of nucleoplasmic
Fluo-4 fluorescence at 50 s is presented.
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Figure 8. Ryanodine and 2-APB inhibit the increase in nucleoplasmic [Ca2+] induced by
photolysis of a caged ET-1

A) Nucleoplasmic [Ca2*] recorded in rat ventricular myocytes before and after photolysis in
cells preincubated with vehicle, 1 uM caged ET-1 (cET-1), or 1 uM caged ET-1 plus 20 uM
2-APB. B) Nucleoplasmic [Ca?*] recorded before and after photolysis in cells preincubated
with 1 UM caged ET-1 (cET-1), caged ET-1 plus 20 uM 2-APB, ryanodine (Rya) or media
alone (control). Controls were performed both with (control + uv) and without (control - uv)
uv irradiation. DRAQS5 fluorescence was used to select the region corresponding to the
nucleoplasm. Signals are presented as background-subtracted normalized fluorescence
(%F/Fg), where F is the fluorescence intensity, and Fq is the resting fluorescence recorded in
the same cell under steady-state conditions prior to photolysis. C) For each condition shown
in Panel B, the mean + s.e.m. of nucleoplasmic Fluo-4 fluorescence at 30 s after photolysis
is presented as a histogram. Number of cells is indicated in parentheses. *, p<0.05; **,
p<0.01; ***, p<0.001.
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Figure9. Intracellular photolysis of a caged ET-1 analog induces activation of CaM K1 within
the nucleus

Autophosphorylation of CaMKII was studied by immunofluorescence in rat ventricular
myocytes treated with cET-1 (1 uM) or vehicle. Ventricular myocytes were incubated with
cET-1 for 30 min at room temperature. Following incubation, cells were washed, placed on
ice, and exposed to a UV lamp for 3 min. Cells were then incubated at 37 °C for 15 (upper
panels) or 30 (lower panels) min, fixed, and labeled with an antibody directed against
phospho-CaMKII threonine-286 (red). Nuclei were stained with TO-PRO-3 (blue).
Maximum intensity projection was performed to measure fluorescence intensity associated
with phospho-CaMKI|I. Fluorescence intensity was determined in nuclei (Fnuc) and
cytoplasm (Fcyto) and normalized to total area of the nucleus or cell. **, p<0.01.
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