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Abstract

Identification of factors regulating cardiomyocyte survival and growth is important to
understand the pathogenesis of congenital heart diseases. Little is known about the molecular
mechanism of cardiac functions triggered by serotonin. The link between signaling circuitry of
external stimuli and the mitochondrial apoptotic machinery is of wide interest in cardiac diseases.
Utilizing cultured cardiomyocytes and 5-HT,;-receptor knockout mice as an animal model of dilated
cardiomyopathy, for the first time we show that serotonin via the Gg-coupled 5-HT,;-receptor protect
cardiomyocytes against serum deprivation-induced apoptosis as manifested by DNA fragmentation,
nuclear chromatin condensation and TUNEL labeling. Serotonin prevents cytochrome c release and
caspase-9 and -3 activation following serum deprivation via cross talks between phosphatidylinositol-
3 kinase/Akt and ERK1/2 signaling pathways. Serotonin binding to 5-HT,;-receptor activates ERK
kinases to inhibit Bax expression induced by serum deprivation. Serotonin via phosphatidylinositol-3
kinase /Akt can activate NF-KB that is required for the regulation of the mitochondrial adenine
nucleotide translocator (ANT-1). Parallel to these observations, ultrastructural analysis in the 5-HT,;-
receptor knockout mice heart revealed pronounced mitochondrial defects in addition to altered
mitochondrial enzyme activities (cytochrome oxidase and succinate dehydrogenase), and ANT-1 and
Bax expressions. These findings identify 5-HT as a novel survival factor targeting mitochondria in
cardiomyocytes.
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Introduction

Congenital heart disease is a major cause of disability and morbidity. Relatively little is
known about the molecular mechanism of cardiac adaptation (hypertrophy) and maladaptation
(apoptosis) underlying cardiac pathogenesis. Several lines of evidence suggest that serotonin (5-
hydroxytryptamine, 5-HT) is a neurohormone that regulates cardiovascular functions (50). 5-HT is
secreted from enterochromaffin cells into the blood and stored in the platelets. Circulating 5-HT can
also be taken up by sympathetic neurons and vascular endothelial cells and can be co-released (20).
The various biological actions of 5-HT are mediated by numerous cognate receptors. It now appears
that there are at least 15 receptor subtypes that belong to four classes: 5-HT, 5, 5-HT,, 5-HT;, and 5-
HT,,, (25). Binding of 5-HT to the Gq-coupled 5-HT,,, 5-HT,; or 5-HT,.-receptors activates
phospholipase C (PLC), which initiates a rapid release of inositol trisphosphate and increases
intracellular calcium levels. 5-HT,g-receptor (5-HT,zR) is involved in 5-HT-induced mitogenesis in
which c-Src is required for cell cycle progression via the mitogen activated protein kinase (MAPK)
pathway (42). Stimulation of the 5-HT,yR results in cross talk with the 5-HT,,,, receptor subtype via
activation of phospholipase A, (49). The 5-HT,zR also activates nitric oxide synthesis through a PDZ
domain (34). We have recently shown that inactivation of the Gg-coupled 5-HT,;R gene leads to
partial embryonic and neonatal lethality due to the following defects in the heart: (i) 5-HT,zR
knockout embryos exhibit a lack of trabeculae defects leading to mid-gestation lethality. (ii) Newborn
5-HT,zR knockout mice exhibit cardiac dilation resulting from contractility deficits and structural
deficits at the intercellular junctions between cardiomyocytes. (iii) In adult 5-HT,zR knockout mice,
echocardiography and electrocardiography confirm the presence of dilated cardiomyopathy (41).

In cultured cardiomyocytes and transgenic animal models, overexpression of Gg-coupled
receptors or their signaling molecules, Gq, PLC or p38 MAPK triggers a hypertrophic response
and/or extensive hypertrophy that leads to cardiomyocyte apoptosis (3, 35). On the other hand,
several lines of evidence showed that circulating or locally released catecholamine and adenosine via
their Gq-coupled receptors contribute to adaptive responses against hemodynamic stress or
myocardial injury. Adenosine A(3) receptor activation limits myocardial injury in the isolated rat
heart and improves survival in isolated cardiomyocytes, possibly by anti-apoptotic and anti-necrotic
mechanisms (33). Stimulation of alpha-adrenergic receptors activates calcineurin leading to cardiac
hypertrophy that protects against ischemia-reperfusion-induced cell death (13). Activation of alpha-
adrenergic receptors inhibits beta-adrenergic receptor induced apoptosis (28). Alpha-adrenergic
receptor activation protects also cardiomyocytes against hypoxia and serum deprivation-induced
apoptosis by regulating the expression of mitochondria-associated apoptosis regulatory genes, and
activating hypertrophic growth (57). These reports indicated that activation of Gq signaling is
important for protecting heart against various stresses. However, the molecular mechanisms involved
are not known.

Mitochondria are an important component of the apoptotic signaling (31), especially in heart
(22). In vitro apoptotic signals such as serum deprivation provoke release of cytochrome c (cytoC)
from mitochondria to the cytoplasm. CytoC binds and activates Apaf-1, which in turn activates
caspase-9 resulting in the culminating activation of caspase-3 (7, 24) that cleave key substrates
during the apoptotic process (48). Several complex signal transduction pathways have been
implicated in the execution of cardiomyocyte apoptosis including Ras, Raf, MAPK, (30),
phosphatidylinositol-3 kinase (PI3K), and protein kinase B/Akt (54). Recently, the Bcl-2 gene family
was shown as the central players of apoptosis regulation (2). Some members such as Bcl-2 and Bcl-
XL inhibit apoptosis while other such as Bax, Bad, and Bak, accelerate apoptosis by altering
mitochondrial membrane permeability thereby inducing cytoC release. The link between signaling
circuitry of external stimuli and the mitochondrial apoptotic machinery is of wide interest in cardiac
diseases.

Although ablation of the Gg-coupled 5-HT,;R in mice leads to dilated cardiomyopathy (41),
the functional role of 5-HT,zR in heart remains undefined. In this study, for the first time, we
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identified a cytoprotective 5-HT,;R signaling linking membrane to mitochondrial apoptotic
machinery utilizing in vitro and in vivo models.

Materials and methods

Material. 5-HT, PD-09858 and SB-206553 were purchased from R & D Systems. SB-203580
and LY-294002 were purchased from Promega. Phospho-p44/p42 mitogen-activated protein kinase
(MAPK), phospho-Akt, Akt, phospho-IKappaB and IKappaB (IKB) alpha antibodies were purchased
from Cell Signaling Technology (Beverly, MA). Mouse MF-20 anti-myosin heavy chain antibody
was purchased from Hybridoma Bank Laboratories. Anti-cytoC antibody was from BD Pharmingen.
All other antibodies were purchased from Santa Cruz Biotechnology. Hoechst and Apoptag Tunel
detection kit were from Boehringer Mannheim. All other reagents were purchased from Sigma.

Generation of 5-HT,zR knockout mice. Targeted mutagenesis by homologous recombination
has been previously described (40). All animal experimentation was performed in accordance with
institutional guidelines, and the French Animal Care Committee in accordance with European
regulations approved protocols.

Cardiomyocyte isolation and transfection. Ventricular cardiomyocytes from neonatal mice
(3-5 days old) were isolated by Percoll gradient technique as previously described (32). More than
95% of cells exhibited specific myosin heavy chain (MHC)-positive cardiomyocytes staining.
Cardiomyocytes were grown on plates precoated with fibronectin (Biocoat) in the medium
(Dulbecco+ HamF-12) containing 10% FCS and 5% horse serum for overnight and cytosine
arabinoside (10uM) was added to prevent proliferation of non-cardiomyocytes. The cells showed
spontaneous contractility ~within 24h after plating. For TUNEL analysis and for
immunocytofluorescence experiments, cardiomyocytes were plated at a density of 10’ cells perLab-
TekTM glass slide chamber that were fibronectin coated. For Western analyses, cardiomyocytes were
plated at a density of 2 x 10° cells per 35-mm fibronectin coated plastic culture dish.

For MAPK downregulation, cells were treated with mouse p42 and p44 MAPK sense or

antisense oligonucleotides (30 uM) during 48h, then the medium was replaced by serum free medium
(Dulbecco) for 24h as described previously (42). Fluorescent-labeled synthetic phosphorothioate

oligodeoxynucleotides that include the ATG initiation codon of mouse p42 and p44 MAPK mRNA,
antisense  (5'-GCCGCCGCCGCCGCCAT-3") or sense (5-ATGGCGGCGGCGGCGGC-3")
oligodeoxyribonucleotides were previously selected and tested for their efficiency (47). The
efficiency of transfection was verified by Western blot and fluorescent microscopic analysis

revealing that p42 and p44 MAPK protein levels were reduced 80 % in antisense oligonucleotide
treated cells when compared to control or the sense.

DNA laddering. Visualization of apoptotic DNA fragments was performed as described (27).
Briefly, after harvesting, cells were treated with lysis buffer (10 mM Tris-HCI, pH 8, 100 mM NaCl,
25 mM EDTA, 0.5% SDS and proteinase K 0,1 mg/ml) and incubated at 50 °C for 4h. After DNA
extraction, the purified DNA fragments were labeled with (**P) ATP and separated by electrophoresis
using a 2% agarose gel. The dried gel was exposed to Kodak X-Omat film.

Apoptosis determination by TUNEL analysis. TUNEL analysis of fragmented DNA was
performed according to manufacturer's protocol as described before (56). Cells were treated with
either agonists or antagonist for 4-6 days in serum free conditions. After 6 day of serum deprivation,
no induction of endogenous anti-apoptotic factors was observed in cardiomyocytes. Cells then were
fixed in 4% formaldehyde and permeabilized. After washing, slides were incubated with TdT
terminal transferase and fluorescein-dUTP. Slides were counterstained with anti-MHC antibody and
Hoechst. Cells were scored for TUNEL positive nuclei corresponding to condensed Hoechst stained
nucleus. The percentage of TUNEL-positive cells was evaluated by viewing each field at x 60
magnification. Generally, 10 different microscopic fields containing 10-15 cells each were recorded
for each sample. Each experiment was repeated at least three times.
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Cardiomyocyte virus infection. The adenovirus construct encoding dominant negative Akt
(d3A-Akt) with a K179A/T308A/S473A mutation has been described before (21) and used on
isolated cardiomyocytes. The adenovirus construct sIB encoding the IKB superactive form
S32A/S36A was used as described before (10). Cardiomyocytes were plated in medium containing
10% FCS and 5% horse serum overnight and then incubated with adenovirus vector at a multiplicity
of infection of 35 in medium containing 2% FCS. After the overnight incubation, the virus was
removed and cells were cultured in serum free medium. Infection efficiency was analyzed by GFP
signaling using Adeno-GFP-infected cardiomyocytes, and is consistently > 80% by this method.

Extracellular Signal-Regulated Kinase (ERK) and Akt and IKB Activity Assay and Western
Blot Analysis. MAPK activities were assayed by using phospho-p42/p44 MAPK (ERK1/2) antibodies
(42). Stimulated cardiomyocytes were harvested in SDS sample buffer at various time points.
Approximately 20 pg of protein was separated on 10% SDS/PAGE and blotted to nitrocellulose
membranes. Two identical blots were incubated with antibody specific for the dually phosphorylated,
activated forms of ERK1 and ERK2, and an antibody specific for ERK2 that is independent of its
phosphorylation state. Similar Western blot analysis was performed using appropriate antibody for
phospho-p38 or phospho-Akt or phospho-IKB alpha. Loading homogeneity was verified by stripping
and reprobing the blots. Blots were stripped with 6.25 mM Tris pH 7.5, 2% SDS and 100 mM 2-
mercaptoethanol for 30 min at 45°C, washed 1h and reprobed with antisera specific for p38 or Akt or
IKB antibodies.

Wild type and knockout cardiomyocytes were treated with serum free medium and +1 uM 5-
HT or £+ 5 nM LIF for 4-6 days and then extracted and submitted to Western blot analyses to
determine the cleavage of procaspase-3 and procaspase-9 as a indicator of relative activities using anti
caspase-3 and caspase-9 antibodies. Cardiomyocytes were treated with serum free medium and
+1 uM 5-HT and = 10 uM LY-294002, or 50 uM PD-098059 for the indicated times and then
extracted and submitted to Western blot analyses to determine the relative quantities of Bax and
adenine nucleotide translocator (ANT-1) expression. Antibody-antigen complexes were detected with
ECL kit according to manufacturer instruction. Densitometric analysis was carried out using
Molecular Dynamics Image Quant software.

NF-KB Luciferase assays. Cells were transfected with plasmid coding for a luciferase driven
by a minimal TK promoter upstream NF-KB responsive element. 24 hours after plating,
cardiomyocytes were transfected with a plasmid pGL3-NFKB-RE-tk-luc mock (empty vector)
utilizing transferrin transfection in combination with Fugene or Lipofectamine according to
manufacturer recommendation (42). With this protocol, transfection efficiency in cardiomyocytes was
measured by cotransfection of a B-Galactosidase-containing construct. Cells were stimulated with
different concentration of 5-HT or LIF (5 nM) for 24h. After cell lysis and removal of cell debris by
centrifugation 150 pl samples of cell lysate were combined with 50 pl of luciferase buffer (25 mM
Tris pH 7.8, 1 mM DTT, 15 mM MgSO,, 4 mM EDTA, 45 mM KHPO, pH 7.8, 0.3 mM luciferin, 5%
glycerol, 3 mM ATP and 270 uM Coenzyme A. An MGM Instruments Optolamp II luminometer was
used to measure light emission of each sample for 5 sec (12).

Analysis of cytosolic and mitochondrial fraction of cytoC. For cytosolic and
mitochondrial fraction of cytoC, after cardiomyocyte treatment, cells were permeabilized, sampled on
12 % SDS gel and processed for immunoblotting as described (18). In brief, cardiomyocytes were
plated then suspended in 200 pl of 0.025% digitonin (Calbiochem) in a lysis buffer (250 mM sucrose,
20 mM Hepes, pH 7.4, 5 mM MgCl,, 10 mM KCI, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10
mg/ml aprotinin, and 10 mg/ml leupeptin). After 10 min, the cells were centrifuged (2 min, 13 000
rpm) and the supernatant was removed (cytosolic fraction). The remaining pellet was resuspended in
200 pl mitochondrial lysis buffer (150 mM NaCl, 1.0% NP-40, 0.5% triton-X-100, 50 mM Tris-HCI,
pH 8.0), lysis was allowed to proceed for a further 30 min, and centrifuged. 28ul of each fraction was
sampled on 12% SDS-PAGE. Densitometric analysis was performed with image analyzer (Bio-rad,
GS-700).
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Immunostaining. Immunohistological detection was performed on isolated cardiomyocytes
with antiserum against the anti-MHC antibody (MF-20), the cytoC, ANT-1, and Bax as previously
described (40, 41). Signal intensity was quantified on digitalized images and calculated as the
product of averaged pixel intensity per area. Densitometric analysis was carried out using Molecular
Dynamics Image Quant software.

Morphological analysis of mouse heart. Transmission electron microscopy and histological
techniques were performed as previously described (40, 41). For histochemistry, cryostat sections of
heart (7 pM) were fixed and blocked. The standard techniques were utilized for the
immunohistochemistry.

Mitochondrial enzyme activity assay. The histochemical enzymatic test for succinate
dehydrogenase and cytoC oxidase activities were performed on cryostat sections of unfixed heart
from wild type and knockout mice as described (53).

Data analysis and statistics. All values represent average of independent experiments =+
S.E.M. (n = number of experiments as indicated in the text). Comparisons between groups were
performed using an ANOVA followed by a Student's t test. Significance was set at p<0.05.

Results

5-HT via 5-HT,zR inhibits apoptosis induced by serum-deprivation in isolated
cardiomyocytes

To evaluate the effect of 5-HT on cardiomyocyte survival, cardiomyocytes from neonatal
heart were isolated and apoptosis was induced by serum deprivation. Apoptosis was detected first by
monitoring internucleosomal cleavage with DNA laddering. DNA fragmentation was observed after
the day 2 of serum deprivation and persisted throughout day 6. Stimulation by 5-HT (1 puM) or
neuregulin (NRG-1, 25 ng/ml) in the serum free condition protected wild type but not 5-HT,;R
knockout cardiomyocytes from apoptosis as manifested with DNA fragmentation (Fig. 1A). To
further confirm the role of 5-HT,;R in protecting cardiomyocyte from serum-deprivation induced
apoptosis; we performed both TUNEL and Hoechst staining. As shown on figure 1B, apoptotic
cardiomyocytes exhibited small-condensed nuclei detected by Hoechst staining (blue) corresponding
to the TUNEL staining (green). A quantitative analysis revealed that cardiomyocytes subjected to
serum free medium for 4-6 days displayed an approximate 38% increase in apoptosis (Fig. 1C). In the
presence of 5-HT or NRG-1 (not shown) for 4-6 days, the number of TUNEL-positive
cardiomyocytes declined to 8+5%. In the presence of specific 5-HT,zR inhibitor, SB-206553 (1 uM),
5-HT was not able to inhibit apoptosis (Fig. 1C). Conversely, the 5-HT,;R knockout cardiomyocytes
exhibited an approximate 45% apoptotic cells 4-6 days after serum deprivation and still displayed
46+5 % apoptotic cells in the presence of 5-HT (Fig. 1C). These data indicate that 5-HT via 5-HT,;R
protects cardiomyocytes from apoptosis.

PI3K/Akt and ERK1/2 activities cross talks in the anti-apoptotic pathway of 5-HT.

To investigate the potential roles of the p38, Akt, or ERK pathways in 5-HT-mediated
cytoprotection, cardiomyocytes were incubated with various cell-permeable inhibitors of these
pathways in the presence and absence of 5-HT (1 uM). Under these conditions, PD-098059 (50 uM)
a specific inhibitor of MEK1/2, and thus ERK (17), compromised the ability of 5-HT to protect the
cardiomyocytes, resulting in about two times more apoptotic cells than observed in cells treated with
5-HT alone (from 8% in presence of 5-HT to 16% in presence of 5-HT plus PD-098059). Moreover,
MAPK downregulation by transfecting cells with MAPK (ERK1/ERK?2) antisense oligonucleotides
blocked 5-HT cytoprotective effect to nearly the same extent as seen in the PD-098059 treated cells.
LY-294002 (10 uM), a specific inhibitor of PI3K, and thus Akt (37), also reduced the cytoprotective
effects of 5-HT, resulting in about three times more apoptotic cells than observed in cells treated with
5-HT alone (24% of apoptotic cells) (Fig. 2). Accordingly, a dominant negative d3A-Akt with
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K179A/T308A/S473A mutations reversed 5-HT-cytoprotective effect observed with LY-294002 at a
similar efficiency. p38 inhibition by SB-203580 (10 uM) had no effect on the 5-HT,;R-dependent
cytoprotective effect of 5-HT in the wild type cardiomyocytes (data not shown). 5-HT-mediated
cytoprotective effect was completely reversed in the presence of both PD-098059 and LY-294002.
These results show that the cytoprotective effects conferred by 5-HT against serum deprivation-
induced apoptosis are not only dependent upon ERK but also PI3K/Akt pathways.

Since inhibition of the PI3K/Akt and ERK pathways compromised the cytoprotective effects
of 5-HT, the ability of the 5-HT to activate these pathways was evaluated using antibodies specific
for each kinase at the residues that are phosphorylated upon activation. The relative level of phospho-
ERK1/2 was time-dependent and reached a maximum value of about 2-fold over control following 10
min of exposure to 1 uM 5-HT without altering total ERK-2 level (Fig. 3A). Phosphorylation of
ERK1/2 by 5-HT was blocked by 50 uM PD-098059 (Fig. 3A-C). In 5-HT,;R knockout
cardiomyocytes, 5-HT was not able to activate ERK1/2. However, leukemia inhibitory factor (LIF, 5
nM), a known survival factor still phosphorylates ERK1/2 in the 5-HT,;R knockout cardiomyocytes.
The levels of phospho-Akt (ser 473 and thr 308) were maximal following 15 min of exposure to 5-HT
and amounted to about 3-fold over control (Fig 3B). Phosphorylation of Akt was blocked by 10 uM
LY-294002 but not by 50 uM PD-098059 without altering total Akt expression (Fig. 3C). Both ERK
and Akt were transiently activated by 5-HT or LIF. Moreover, no p38 phosphorylation in response to
5-HT could be evidenced (not shown), confirming that p38 activation is not involved in 5-HT-
dependent cytoprotection. These results are consistent with roles for ERK1/2 and Akt signaling
pathways in 5-HT,;R-mediated cytoprotection against serum deprivation-induced apoptosis.

5-HT via 5-HT,zR activates the IKB-alpha/NF-KB signaling pathway

To investigate the downstream regulators of ERK1/2 and PI3K/Akt kinase in cardiomyocytes,
the effect of 5-HT on the activation of NF-KB was assessed using NF-KB/luciferase responsive
element reporter gene. 5-HT stimulated NF-KB (Rel A)-dependent reporter transcription in wild type
cardiomyocytes, while in 5-HT,;R knockout cardiomyocytes, LIF but not 5-HT induced NF-KB
activity (Fig. 4A). NF-KB staining in cardiomyocytes, initially localized in the cytoplasm in a
punctuate pattern, was strikingly increased in the nucleus after 15 min of 5-HT treatment (Fig. 4B).
Subsequently, IKB-alpha phosphorylation in the presence of 5-HT was determined. 5-HT
phosphorylated IKB-alpha reaching to maximum at 15 min (data not shown). Indeed, phosphorylated
form of IKB-alpha undergoes gradual degradation at 15 min (Fig. 4C). The time for nuclear
translocation of NF-KB by 5-HT is consistent with the IKB-alpha degradation (Fig 4B). This
phosphorylation of IKB-alpha by 5-HT was completely inhibited by the PI3K inhibitor LY-294002
but not by MAPK inhibitor PD-098059 (Fig. 4C). These results show that in cardiomyocytes 5-HT
via PI3K/Akt induces IKB-alpha degradation thereby NF-KB nuclear translocation, which activates
NF-KB-dependent gene transcription.

5-HT wvia 5-HT,z;R prevents cytoC redistribution and caspase cleavage in
cardiomyocytes

Next, we investigated the targets of 5-HT signaling for protecting cardiomyocytes from
apoptosis. In wild type cardiomyocytes, cytoC was localized in the mitochondrial fraction, and no
cytoplasmic cytoC was observed (Fig. SA). However, the cytoC was substantially translocated from
mitochondria to cytosol after serum deprivation. The mitochondrial release of cytoC into the
cytoplasmic fraction was blocked after treatment of wild type cardiomyocytes with 5-HT (1 uM) and
LIF (5 nM). In 5-HT,zR knockout cardiomyocytes, basal cytoplasmic cytoC was slightly increased
and after serum deprivation, cytoplasmic cytoC reached to the maximum that was also observed in
wild type cardiomyocytes. Conversely, 5-HT did not prevent cytoC translocation from mitochondria
to cytosol, whereas LIF totally prevent this translocation in the 5-HT,zR knockout cardiomyocytes
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(Fig. 5A). The total cytoC levels in wild type and 5-HT,;R cardiomyocytes were similar. These data
indicate that only 5-HT-mediated survival effects are impaired in 5-HT,zR knockout cardiomyocytes.

Recent studies have demonstrated that release of cytoC from mitochondria leads to activation
of caspase cascade in cardiomyopathic heart (4, 38). We examined the effect of 5-HT on caspase
cleavage as an indicator of caspase activity. A significant increase in cleaved caspase-3 and caspase-9
was observed after serum -deprivation whereas the cleavage was negligible after the 5-HT treatment
in wild type cardiomyocytes. No 5-HT-dependent but LIF-dependent inhibition of caspase-3 and
caspase-9 cleavage was observed in 5-HT,;R knockout cardiomyocytes (Fig. 5SB).

These data indicate that 5-HT via 5-HT,zR prevents cytoC redistribution from mitochondria
thereby inhibiting caspase activity to protect cardiomyocytes from serum deprivation induced
apoptosis.

5-HT via 5-HT,zR regulates Bax and ANT-1 expression

Next we investigated how 5-HT cytoprotective signaling prevents cytoC redistribution from
mitochondria. The intrinsic mitochondria-dependent apoptotic pathway in cardiomyocytes is largely
dependent on anti-apoptotic and pro-apoptotic members of the Bcl-2 family proteins. Bcl-2 inhibits
apoptosis by blocking the release of cytoC from mitochondria during cellular stress whereas pro-
apoptotic member Bax causes cytoC release (1). We investigated whether 5-HT regulates Bax
expression thereby controlling cytoC release in isolated cardiomyocytes. In the apoptotic conditions,
Bax expression increased 2 fold that was reduced in the presence of 5-HT. The effect of 5-HT was to
downregulate Bax expression that was completely prevented by ERK1/2 inhibitor, PD-098059 (Fig.
6A). When the same blot was revealed with anti-phospho-Bad antibody no significant difference was
observed in the Bad level or phosphorylation stage. These effects of 5-HT were completely absent in
5-HT,;R knockout cardiomyocytes. However, inhibition of PI3K by LY-294002 or inhibition of NF-
KB by the adenovirus sIB encoding the IKB superactive form S32A/S36A did not change 5-HT-
mediated regulation of Bax expression (Fig. SA- 6A). These data indicate that, in the cardiomyocytes,
ERK1/2 activation by 5-HT is involved in regulating Bax expression, whereas PI3K/Akt did not alter
Bax levels.

Next, we asked if PI3K/NF-KB signaling regulates also the mitochondrial membrane
permeability. ANT-1 is a component of mitochondrial membrane permeability transition pore (14)
and the only mitochondrial carrier for ADP and ATP. Since ANT-1 plays an important role in the
disturbed cardiomyocyte metabolism in the dilated cardiomyopathy and ANT-1 mutant mice
exhibited severe cardiomyopathy (23), we investigated possible regulation of ANT-1 in 5-HT
cytoprotective signaling. In the apoptotic conditions, ANT-1 expression was increased in the wild
type cardiomyocytes that was reduced in the presence of 5-HT. Downregulation of ANT-1 by 5-HT
was completely inhibited by PI3K inhibitor LY-294002 but not by ERK1/2 inhibitor, PD-098059
(Fig. 6B). When NF-KB was blocked with the adenovirus sIB encoding the superactive IKB, the 5-
HT effect on ANT-1 expression was completely inhibited (Fig. 6B).

In vivo immunodetection of Bax and ANT-1 analysis in the frozen sections of the hearts
showed that the Bax and ANT-1 levels were increased by 59+5 and 38.9+4 % respectively in the
knockout mice heart (Fig. 6B). These results were confirmed by RT-PCR analysis (not shown). Our
in vivo and in vitro data indicate that 5-HT/5-HT,zR cytoprotective signaling targets mitochondria by
regulating Bax and ANT-1 expression and that 5-HT-cytoprotective signaling is impaired in the 5-
HT,zR knockout mice heart.

The 5-HT,,R knockout mice heart demonstrates abnormal mitochondrial structure and
Junctions

Next we investigated the mitochondrial structure in the 5-HT,;R knockout mice heart.
Electron microscopic analysis in neonatal (Fig. 7A) and 6 weeks old (Fig. 7B) 5-HT,zR knockout
mice heart revealed pronounced mitochondrial abnormalities such as interrupted inner membrane, and
swollen cristae. Although damage in mitochondria is a key step leading to programmed cell death, no
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ultrastructural nuclear fragmentation but myofibrillar breakdown was observed in the 5-HT,;R
knockout mice heart. To investigate how these structural abnormalities are reflected in the in vivo
functions of mitochondria, enzymatic histochemical staining for cytoC oxidase (COX-2) and
succinate dehydrogenase (SDH) activity were performed. These staining revealed reduced activity of
both SDH and COX-2 by 40+5 and 55+4% respectively in the 5-HT,;R knockout mice heart (Fig.
7B). These data indicate that secondary to structural defect in mitochondria of 5-HT,zR knockout
mice heart, the electron chain transport and oxidative phosphorylation were disturbed as observed in
human dilated cardiomyopathy (39, 51).

Discussion

Although a number of signaling pathways that lead to dilated cardiomyopathy and heart
failure have been discovered, the factors that mediate distinct forms of cardiac hypertrophy, apoptosis
and survival are not yet elucidated. Utilizing cultured cardiomyocytes, and 5-HT,zR knockout mice as
a model of dilated cardiomyopathy, we demonstrate that 5-HT,;R signaling regulates mitochondrial
structure and function thereby controlling apoptosis and myofibrillar organization in the heart.

Suppression of Apoptosis by 5-HT. Overexpression of Gg-coupled receptors or Gq protein
itself in cardiomyocytes contributes to the development of hypertrophy and/or ultimate
decompensation of cardiac hypertrophy leading to apoptosis (3, 16, 55). On the other hand, evidence
suggests that hormones such as angiotensin II, endothelin 1, norepinephrine and prostaglandin F2
alpha via their cardiac Gg-coupled receptors contribute to adaptive responses after hemodynamic
stress or myocardial injury (15). However, the mechanism by which Gg-coupled receptors mediate
survival effects has not been clearly elucidated. For the first time, our data show that 5-HT can
protect cardiomyocytes from apoptosis following serum deprivation. This protective effect is
specifically mediated by the Gqg-coupled 5-HT,zR: the cytoprotective effect of 5-HT was completely
blocked by a specific 5-HT,zR inhibitor in wild type cardiomyocytes, and absent in the 5-HT,z;R
knockout cardiomyocytes. Previously, neural crest cells have been shown to exhibit apoptosis
following the treatment of embryos with a 5-HT,zR antagonist (8), supporting the survival role of 5-
HT.

Mechanisms of protective action of 5-HT. 5-HT protects cardiomyocytes from apoptosis by
preventing of cytoC redistribution thereby inhibiting caspase-3 and -9 activation. Our data indicate
that in the 5-HT anti-apoptotic signaling, ERK1/2 and PI3K/Akt crosstalk to regulate cardiomyocyte
survival. In the present study, inhibitors of MAPK efficiently blocked the activation of ERK1/2 by 5-
HT, but did not interfere with the function of PI3K/Akt indicating that these two signaling pathway
are independent of each other. Our observations are consistent with previous findings showing that
both MAPK and PI3K/Akt signaling pathways are essential for antiapoptotic action of both
interleukin-5 and stem cell factor (26). The downstream targets of MAPK and PI3K/Akt were unclear
in cardiomyocytes. For the first time, we show that 5-HT mediated PI3K/Akt signaling is involved in
IKB- alpha/NF-KB activation. Previously, it has been shown that PDGF activates Akt that is directly
involved in IKB/NF-KB activation (45). Akt is also involved in cardiotrophin activation of NF-KB
(p65) and cytoprotection of cardiomyocytes. Our results indicate that Gq-coupled 5-HT,zR activation
leads to degradation of IKB- alpha and subsequent translocation of NF-KB (p50) to the nucleus
where NF-KB can regulate anti-apoptotic gene expression.

Mitochondria are targets of 5-HT-mediated cytoprotection. CytoC release due to impaired
mitochondria has been observed in several models of apoptosis in cardiomyocytes (39, 52), however
the importance of mitochondria as a direct target for factors protecting cardiomyocytes from
apoptosis has not been examined yet. Our findings demonstrate that the 5-HT-induced cardiomyocyte
cytoprotection involves cross talks between PI3K and ERK1/2 pathways that lead to the regulation of
ANT-1 and Bax expression to protect of mitochondrial membrane permeability and cytoC release. In
human pancreatic cancer cells, MEK/ERK signaling pathway regulates the expression of Bcl-2, Bcl-
XL, and Mcl-1 and promotes survival (6). While the Bcl-2 family of proteins, at least in part, controls
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the mitochondrial apoptosis, we demonstrate that only ERK1/2 inhibition can overturn 5-HT-induced
down regulation of Bax in cardiomyocytes. Parallel to these in vitro findings, a robust increased
expression of Bax was observed in the 5-HT,zR knockout mice heart. Bax forms membrane pores
that control mitochondrial permeability and release cytoC (46). Bcl-2 and Bcl-XL inhibit formation of
these pores, however, no alteration in the expression of these genes could be detected by RT-PCR
analysis of the 5-HT,;R knockout mice heart mRNA (data not shown). We observed that Bax
expression level was regulated by ERK1/2 activation in the 5-HT cytoprotective signaling, but the
mechanism by which ERK1/2 activation controls Bax expression remains to be investigated.

We also observed that PI3K/Akt signaling maintains the integrity of mitochondrial
permeability via a mechanism that is distinct from regulating Bcl-2 expression or Bad
phosphorylation in cardiomyocytes (19). Moreover, our data show that PI3K/Akt/NF-KB controls
mitochondrial membrane permeability by regulating the ANT-1 expression. ANT-1 is the only
mitochondrial transport system for nucleotides, an important link for energy production and
accumulation process. It plays an important role in the disturbed myocardial metabolism in the dilated
cardiomyopathy. ANT-1 mutant mice exhibited severe cardiomyopathy (23). Impaired ANT-1
function and increased ANT-1 levels were observed in heart tissue from patients with dilated
cardiomyopathy (43) and point mutations in ANT-1 gene have been reported in humans to generate
genetic mitochondrial disease (29). ANT-1 overexpression leads to the phenotypic alteration of the
apoptosis, i.e. collapsed mitochondrial membrane potential, cytoC release, caspase activation and
DNA degradation (5). In the 5-HT,zR knockout mice heart, elevated expression level of ANT-1 is
detected and we present evidence that ANT-1 is a main target of PI3K/Akt/NF-KB signaling that
controls mitochondrial permeability in the cardiomyocytes. Moreover, transgenic mice
overexpressing 5-HT,;R in the heart exhibit decreased ANT-1 levels in the heart (unpublished
observation). If Bax and ANT-1 interact in cardiomyocytes is currently unknown.

Evidence of mitochondrial involvement for S5-HT-mediated cytoprotection in vivo.
Mitochondrial dysfunction has been reported in human cardiac diseases including ischemic and non-
ischemic heart failure, myocardial infarction, arrhythmia and myocarditis (11). We also observed
mitochondrial structural defects in the 5-HT,zR knockout mice heart by electron microscopy analysis.
In the knockout mice heart, reduced SDH and COX-2 activities are indicative of altered functions of
electron transport complexes II and IV, respectively. Increased lactate plasma levels in knockout mice
confirmed this observation (not shown). Decreased oxidative phosphorylation and respiration that
lead to lactate production have also been observed in mitochondrial myopathies of human and in
other animal models for dilated cardiomyopathy (38)

Although damage in mitochondria is a key step leading to programmed cell death, no typical
apoptotic bodies were observed in the 5-HT,;R knockout mice heart despite impaired myofibrillar
structure (41). Knockout cardiomyocytes may be in the pre-apoptotic stage long before nuclear events
became morphologically manifested in vivo. Activation of caspases by cytoC in the failing
myocardium induces breakdown of contractile proteins, which constitute the basis of impaired
systolic ventricular function without inducing nuclear apoptosis (9, 36). Increased troponin I plasma
levels in knockout mice confirmed this observation (41). Accordingly, evidence of cytoC
redistribution from mitochondria to cytoplasm and caspase activation without nuclear morphology of
apoptosis has also been observed in idiopathic dilated cardiomyopathic in human heart (44). Our in
vivo and in vitro data clearly show that 5-HT/5-HT,zR signaling targets mitochondria. Recently, we
observed that transgenic mice overexpressing 5-HT,zR in the heart exhibit mitochondrial proliferation
and hypertrophy in the ventricular wall (unpublished observations).

Summary. Our data for the first time shows that 5-HT binding to 5-HT,;R activates both
PI3K/Akt and ERK kinases in cardiomyocytes to protect mitochondrial damage thereby preventing
apoptosis (Fig. 8). 5-HT prevents cytoC release and caspase-9 and -3 activation following serum
deprivation by inhibiting ANT-1 and Bax expression via cross talks between PI3K/Akt and ERK1/2
signaling pathways, respectively. The regulation of ANT-1 expression results from activation of NF-
KB via PI3K /Akt. Utilizing 5-HT,;R knockout mice as a model of dilated cardiomyopathy, we
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demonstrate that the Gg-coupled 5-HT,;R signaling regulates mitochondrial structure and function
(Fig. 8).
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Figure 1. 5-HT via 5-HT,;R acts as a survival factor in cardiomyocytes A) 5-HT prevents
DNA laddering induced by serum deprivation in isolated wild type cardiomyocytes. DNA laddering was
observed from 2, 4, to 6 days of serum deprivation (SF). The effect of 5-HT (1 puM) or neuregulin
(NRG-1, 25 ng/ml, neu) was studied by DNA laddering at 4 days of serum deprivation in wild type
(+/4) or knockout cardiomyocytes (-/-). The DNA size marker is in base pairs (bp). B) 5-HT prevents
apoptosis induced by serum deprivation in wild type cardiomyocytes. Myocardial cells plated 4-6 days
in serum-free (SF) media, £1 uM 5-HT or 1 uM SB-206553 (SB), a specific 5-HT,z;R receptor
antagonist, were then fixed for TUNEL (green) analysis and Hoechst (blue) staining. MHC staining
(red) shows the pure population of cultured cardiomyocytes. Illustrations show cardiomyocytes that are
representative of the cell population observed following the treatments indicated above. White arrows
indicate double stained, Hoechst and TUNEL positive cells with small and condensed nuclei. C)
Quantitative analysis of TUNEL staining. The number of TUNEL-positive cells in each microscopic
field was determined, as described in methods, and then normalized to the total number of cells in that
field to obtain the numbers of TUNEL-positive cells as a percent of the total. Each value represents the
mean of 10 separate fields (~15 cells/field) + S.E.M. (P<0.05, star). These experiments are
representative of three similar experiments.
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Figure 2. Effects of cell-permeable inhibitors and dominant negative signaling proteins on 5-HT-
mediated inhibition of apoptosis. Illustrations show wild type cardiomyocytes that are representative
of the cell population following treatments inhibiting either MAPK or PI3K pathways. For MAPK
inhibition, cardiomyocytes were treated in serum free (SF) conditions with +1 uM 5-HT and = 50 uM
PD-098568 (PD). For MAPK downregulation, cells were treated with mouse p42 and p44"*" sense
(MAPKYS) or antisense (MAPK-AS) fluorescent-labeled  synthetic =~ phosphorothioate
oligodeoxynucleotides (30 uM) during 48 hours, then in serum free medium for 24 hours, then with +1
pM 5-HT for 4 days. Expression levels of each protein were approximately equal, as determined by
Western blot analysis (not shown). To inhibit Akt activity, similar experiment was performed with +1
puM 5-HT and 10 uM LY-294002 (LY). To downregulate Akt, cardiomyocytes were plated in medium
containing 10% FCS and 5% horse serum overnight and then incubated with adenovirus construct
encoding a dominant negative Akt (d3A-AKT) with a K179A/T308A/S473A mutation in medium
containing 2% FCS. After the overnight incubation, the virus was removed and cells were cultured in
serum free medium (SF). Infection efficiency was evaluated by counting GFP positive cells using
Adeno-GFP-infected cardiomyocytes. Each inhibitor trial was paired with its own control, 6 days after
cells were fixed for TUNEL analysis. The number of TUNEL-positive cells in each microscopic field
was determined, as described in methods and then normalized to the total number of cells in that field to
obtain the numbers of TUNEL-positive cells as a percent of the total. Bars: 500 um. Each value
represents the mean of 10 separate fields (~150 cells/field) = S.E.M. These experiments are
representative of three similar experiments. M indicates mock transfection with the virus.
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Nebigil figure 3
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Figure 3. 5-HT activates ERK1/2 and Akt kinases. Cardiomyocytes were treated + 1 uM 5-HT and
10 uM LY-294002 (LY), or 50 uM PD-098059 (PD) for the indicated times, then extracted and
submitted to Western blot analysis to determine the relative quantities of phosphorylated and total, Akt,
or ERK, as described in methods. A) 5-HT increases ERK1/2 phosphorylation in a time-dependent
manner. As revealed using anti-phospho- MAPK antibody (anti-pMAPK thr 202; tyr 204)
(pTEpYMAPK), the ERK1/2 phosphorylation peaks at 10 min in wild type cardiomyocytes (+/+) but
not in knockout cardiomyocytes (-/-). Two identical blots were incubated with antibody specific for the
dually phosphorylated, activated forms of ERK1 and ERK2, and an antibody specific for ERK2 that is
independent of its phosphorylation state to verify samples homogeneity. ERK activation was evaluated
in presence of 5-HT + PD-098059 or + LY-294002 and in presence of LIF in both wild type and
knockout cardiomyocytes. B) 5-HT enhances Akt phosphorylation in a time dependent manner. As
revealed with anti phospho-Akt antibodies (anti-pAkt ser 473 or anti-pAkt thr 308) Akt phosphorylation
peaks at 15 min in wild type cardiomyocytes (+/+). 5-HT does not modify the Akt expression as
revealed by anti Akt antibody (anti-Akt) after blot restripping. C) Akt activation by 5-HT is completely
blocked by LY-294002, but not by PD-098059. Akt activation by 5-HT was evaluated in presence of
inhibitors LY-294002, or PD-098059. Quantification of these experiments presented in the graphs was
determined using densitometry and Molecular Dynamics ImageQuant software and shown as average
S.E.M.. IP: immunoprecipitation, IB: immunoblot. Blots are representative of 3 separate experiments.
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Figure 4. Effects of 5-HT on IKB degradation, NF-KB-mediated transcription and cellular
localization. A) 5-HT activates NF-KB-mediated transcription. Wild type and knockout cardiomyocytes
were co-transfected with an (pGL3-NF-KB-RE-tk-luc,12 pg) and B -galactosidase reporter (20 pg).
Following 24 hours in serum-free medium (SF), the cells were treated for another 24 hours with serum-
free medium + 5-HT or LIF at the concentrations indicated, then extracted and assayed for luciferase
and B-galactosidase activities as described in methods. This experiment is representative of three similar
experiments. B) 5-HT induces pSO/NF-KB nuclear translocation. Cardiomyocytes were incubated in
serum-free media for 24 hours, treated +1 uM 5-HT for the indicated times and stained for pSO/NF-KB
(NFKappaB). Primary antibody localization was visualized using CY3-conjugated secondary antibody
to show the localization of NF-KB after 5-HT treatment. Shown are single myocytes that are
representative of the cell population following the treatments indicated. This experiment is
representative of three similar experiments. Bars: 5 um. C) 5-HT-mediated IKB phosphorylation is

inhibited by PI3K inhibitor. Cardiomyocytes were treated in serum free medium with +1 uM 5-HT and
+ 10 uM LY-294002 (LY), or = 50 uM PD-098059 (PD) for 4 days, then extracted and submitted to
Western blot analyses to determine the relative quantities of phosphorylated and total IKB after blot
restripping. This experiment is representative of three similar experiments.
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Figure 5. Effects of 5-HT on cytoC cellular localization. A) 5-HT prevents translocation of cytoC
from mitochondria to cytosol in wild type cardiomyocytes. Wild type and in knockout cardiomyocytes
were treated in serum (S), and serum free (SF) medium with =1 uM 5-HT or + 5 nM LIF, then
mitochondrial and cytosolic fractions were extracted and submitted to Western blot analyses to
determine the relative quantities of cytoC, as shown and as described in methods. IP:
immunoprecipitation; IB: immunoblot. Blots are representative of 3 separate experiments. The values
presented in the graphs were determined using densitometry and Molecular Dynamics ImageQuant
software and shown as average S.E.M. B) 5-HT prevents caspase activation in wild type
cardiomyocytes. Wild type and knockout cardiomyocytes were treated in serum free (SF) medium with
+1 uM 5-HT or + 5 nM LIF for 4 days, then extracted and submitted to Western blot analyses to
determine the cleavage of procaspase-3 and procaspase-9 as a indicator of relative activities using anti
caspase-3 and caspase-9 antibodies. Procaspase-3; CPP32F, cleaved caspase-3; CPP32C, IB:
immunoblot. This experiment is representative of three similar experiments.
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Figure 6. Effects of 5-HT on Bax and ANT-1 levels. A) Reduction of Bax expression by 5-HT.
Wild type cardiomyocytes were treated in serum free (SF) medium with +1 uM 5-HT and + 10 uM LY-
294002 (LY) or 50 uM PD-098059 (PD) for 4 days, then extracted and submitted to Western blot
analyses to determine the relative quantities of Bax, as described in methods. Phospho-Bad (anti-pBad
serl12, ser 155) expression was assessed after restripping of the same blot. The values determined by
densitometry using Molecular Dynamics ImageQuant software are shown as a graph + S.E.M.. B)
Reduction of ANT-1 expression by 5-HT. Cardiomyocytes were treated +1 uM 5-HT and + 10 pM LY-
294002 or 50 uM PD-098059 or + Adenovirus sIB (sIB) or + Adenovirus GFP (M), then extracted and
submitted to Western blot analyses to determine the relative quantities of ANT-1, as described in
methods. Actin expression was assessed after restripping of the same blot. The values determined by
densitometry using Molecular Dynamics ImageQuant software are shown as a graph. C) Bax and ANT-
1 expression are increased in knockout mice heart. Bax and ANT-1 expression were evaluated by
immunohistochemical staining of cryosections of wild and knockout mice heart. Bars: 500 um. The
values of staining intensity determined using Molecular Dynamics ImageQuant software are shown as a
graph + S.E.M.. This experiment is representative of three similar experiments.
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Figure 7. In vivo mitochondrial defects in 5-HT,;R knockout mice heart. A) Mitochondrial
ultrastructural defects in 5-HT,;R knockout newborn mice heart. The analysis of the compact layer of
newborn mice heart was performed by transmission electronic microscopy on ultra-thin sections.
Mitochondria (m) with apparent intact morphology in wild type heart (+/4+) and mitochondria with
defective membrane (arrow) are indicated in knockout mice heart (-/-). Bars: 0.5 um. Inserts show
higher magnification of the mitochondrial defects. Bars: 0.2 pum. N: nucleus, Z: z-stripe; B)
Mitochondrial ultrastructural defects in 5-HT,zR knockout adult mice heart. Analysis by transmission
electronic microscopy of ultra-thin sections of 6 weeks old mice heart knockout (-/-) and wild type (+/+)
in the compact layer was performed. Fused mitochondria (m) with apparent intact outer membrane
(arrow) and defective inner membrane are indicated. N: nucleus, Z: z-stripe; Bars: 0.5 um. C) Decreased
mitochondrial enzyme activities in the knockout mice heart. Enzymatic histochemical staining for cytoC
oxidase (COX-2, brown) and succinate dehydrogenase (SDH, blue) activity were determined in sections
of the heart of wild type (+/+) and knockout newborn mice (-/-). Bars: 500 um. SDH and COX-2
activities in the mice heart are shown as percent of wild type values. The values of staining intensity
were determined using Molecular Dynamics ImageQuant software and shown as a graph + S.E.M..
Illustrations are representative of at least 3 separate experiments.
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Figure 8. Schematic presentation of 5-HT cytoprotective signaling pathways in cardiomyocytes.
5-HT binding to 5-HT,zR activates both PI3K/Akt and ERK kinases. ERK activation inhibits serum
deprivation-induced Bax expression that controls mitochondrial membrane permeability. Parallel to this
pathway, upon Akt activation, phosphorylated IKB-alpha triggers the degradation of IKB-alpha to
release NF-KB free. This activation of NF-KB by 5-HT inhibits serum deprivation-induced ANT-1
expression to regulate also mitochondrial permeability. A cross talk between PI3K/Akt/ANT-1 and
ERK/ Bax pathways targets mitochondria to prevent cytoC release and caspases activation in the 5-
HT,;R cytoprotective signaling. In the 5-HT,;R knockout mice as a model of dilated cardiomyopathy,
we demonstrate that the Gqg-coupled 5-HT,zR signaling regulates mitochondrial structure and function
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thereby controlling myofibrillar organization in the heart.

NF-KB

NF-KB




