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Activation of Sonic hedgehog signaling
in ventricular cardiomyocytes exerts
cardioprotection against ischemia
reperfusion injuries

Ludovit Paulis’, Jeremy Fauconnier!, Olivier Cazorla', Jérome Thireau', Raffaella Soleti2, Bastien Vidal',
Aude Ouillé', Marion Bartholome', Patrice Bideaux', Francois Roubille!, Jean-Yves Le Guennec!,
Ramaroson Andriantsitohaina?, M. Carmen Martinez? & Alain Lacampagne'

TUMR CNRS 9214, Inserm U1046, Université de Montpellier, CHRU Montpellier, Montpellier, France, 2INSERM U1063, Stress
oxydant et pathologies métaboliques, LUNAM Université, Angers, France.

Sonic hedgehog (SHH) is a conserved protein involved in embryonic tissue patterning and development.
SHH signaling has been reported as a cardio-protective pathway via muscle repair-associated angiogenesis.
The goal of this study was to investigate the role of SHH signaling pathway in the adult myocardium in
physiological situation and after ischemia-reperfusion. We show in a rat model of ischemia-reperfusion that
stimulation of SHH pathway, either by a recombinant peptide or shed membranes microparticles harboring
SHH ligand, prior to reperfusion reduces both infarct size and subsequent arrhythmias by preventing
ventricular repolarization abnormalities. We further demonstrate in healthy animals a reduction of QTc
interval mediated by NO/cGMP pathway leading to the shortening of ventricular cardiomyocytes action
potential duration due to the activation of an inward rectifying potassium current sharing pharmacological
and electrophysiological properties with ATP-dependent potassium current. Besides its effect on both
angiogenesis and endothelial dysfunction we demonstrate here a novel cardio-protective effect of SHH
acting directly on the cardiomyocytes. This emphasizes the pleotropic effect of SHH pathway as a potential
cardiac therapeutic target.

neural tube in vertebrates'. Among the three proteins of the Hedgehog family, Sonic hedgehog homolog

(SHH) plays a key role in regulating morphogenesis, organogenesis and left-right asymmetry. In post-
embryonic states and adult tissues, Hedgehog signaling is involved both in physiological and pathological
processes. SHH signaling promotes neovascularization during ischemic diseases and appears as a promising
candidate in cardioprotection settings>*. In adult cardiovascular system, SHH participates in the maintenance of
the coronary vasculature® and promotes angiogenesis® in mice, which could explain part of the cardioprotective
effect of erythropoietin in a murine model of ischemia-reperfusion (IR)’. But the functional contribution of SHH
signaling in adult cardiomyocytes remains unknown.

We have previously reported that shed membrane microparticles (MPs) derived from activated/apoptotic T
lymphocytes harbor SHH (MPs*"*), trigger nitric oxide (NO) release from endothelial cells and correct severe
endothelial injury®'°. These effects are prevented when SHH pathway is blocked, suggesting that MPs*""* exert
some of their effects by triggering SHH signaling. Two transmembrane proteins Patched (Ptc) and Smoothened
(Smo) have been identified as the receptor complex'"'>. Ptc functions as Hedgehog-binding protein while Smo is
required to transduce the signal. In the absence of SHH signal, Ptc inhibits the activity of Smo. When SHH binds
to Ptc, Ptc is internalized and Smo inhibition is removed'?. SHH has been reported to activate several intracellular
pathways, including the phosphatidylinositol 3-kinase (PI3-K)/Akt pathway'?, which is associated with enhanced
NO production in endothelial cells'* and is a well-known mediator of cardioprotection in IR models.

The aim of this work was to investigate the impact of SHH pathway activation on cardiomyocytes in normal
conditions and in a context of IR both in vivo and in vitro at the cardiomyocyte level. We show for the first time
that activation of SHH pathway either by a recombinant SHH protein (N-SHH) or by MPs*""* offers a protection
of the heart to IR by modulating cardiomyocyte electrophysiological properties.

T he Hedgehog protein family is involved in early embryonic patterning and development especially of the
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Results

Effect of SHH on electrocardiogram in healthy animals. Electro-
cardiogram (ECG) analysis was performed on control vigil animals
(Figure 1, S1) to evaluate ventricular repolarization over 6 hours of
recording. In control conditions (Figure 1A, B), QT interval remained
stable while 6 hours after the recombinant SHH homolog ligand (N-
SHH) injection, a significant shortening occurred (Figure 1A, B). This
was mimicked by a treatment with specific shed membrane MPs
harboring SHH protein (MPs*"™*) (Figure 1A, B). The N-SHH-
induced effect was not modified when the animals were pre-treated
with hexamethonium (Figure 1B, S1). Hexamethonium is a nicotinic
(nACh) receptor antagonist that acts at pre-ganglionic sites in both
the sympathetic and parasympathetic nervous systems and therefore
inhibits cardiac regulation by autonomic nervous system. This
strongly supports a direct myocardial effect of SHH independently
of the autonomic system, and suggests an effect on cardiomyocyte
action potential. In addition, simultaneous treatment with N-SHH
and the SHH receptor (Ptc/Smo) antagonist cyclopamine prevented
the changes in QT duration induced by N-SHH (Figure 1B, S1)
demonstrating Smo activation in healthy control animals. However,
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Figure 1 | Activation of SHH signaling shortens QT interval in healthy
animals. (A) ECGs were acquired over 6 hours after different treatments
(i.p.-injected), in control animals. Representative ECGs recorded in
control, N-SHH- and MPs*"""*-treated animals indicate a shortening of
QT interval after SHH signaling pathway activation. (B) Mean QTc¢ values
recorded before (t = 0, left column) and 6 hours after injection (t = 6,
right column) of the vehicle (control, n = 5), N-SHH (n = 8), N-

SHH +Hexamethonium (N-SHH+Hex, n = 6), MPs*H* (n = 7),
N-SHH and cyclopamine (N-SHH+Ccl, n = 6) and cyclopamine alone
(Control + Ccl, n = 6). (* p < 0.05, QTcat 6 hvst = 0).
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Figure 2 | SHH mediates NO production in ventricular cardiomyocytes.
(A) Representative PCR gel showing the expression of Patched (Ptc) and
Smoothened (Smo) and reference Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNAs in rat cardiomyocytes. (B) Smo and Ptc
expression was revealed by Western blotting in cardiomyocytes and in
testis used as reference tissue. These representative images correspond to
extracted portion of membranes after transfer of the same gel and exposed
respectively with anti- Smo and Ptc primary antibodies. Each band
corresponds to adjacent wells of the gel. (C) Representative confocal
images illustrating the increase in NO production after incubation of
control cardiomyocytes with the recombinant SHH protein (N-SHH) or
microparticles harboring the SHH protein (MPs*""™*) for 4 h (upper
panel). DAF fluorescence level (lower panel) was quantified in control (n
= 495 cells), after incubation with N-SHH (n = 365 cells), and after co-
incubation with phosphoinositide-3 kinase inhibitor, LY294002 (LY,

25 UM, n = 98 cells), NOS inhibitor, N*-nitro-L-arginine (L-NNA,

100 pM, n = 98 cells). DAF fluorescence level was also quantified after
incubation with MPs**"* (n = 382 cells) and after co-incubation with the
SHH pathway inhibitor cyclopamine (MPs*""*-Ccl, 30 uM, n = 137
cells). Cyclopamine alone had no effect on basal levels of NO (Ccl, 30 uM,
n = 68 cells). Incubation with MPs not carrying the SHH (MPs*'™") did
not enhance NO formation (n = 23 cells). Data are mean * SEM; *,

p < 0.05 compared to control.

| 5:7983 | DOI: 10.1038/srep07983



cyclopamine alone had no effect on ECG properties suggesting that ~ Considering that MPs™™* trigger NO release from endothelial
SHH signaling was silent in basal conditions. cells*'°, we tested the functionality of SHH pathway in adult

cardiomyocytes loaded with the NO fluorescent probe DAF and
SHH pathway is present and functional in adult cardiomyocytes. incubated with the N-SHH (20 pM) for 4 hours (Figure 2C).
Ptc and Smo were expressed in adult cardiomyocytes both at the When compared to non-treated cells, DAF fluorescence was
mRNA (Figure 2A) and at the protein levels (Figure 2B). significantly increased after N-SHH or MPs*™" incubation
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Figure 3 | SHH reduces action potential duration. (A) Representative traces of action potential recorded in control and after SHH treatment (left panel)
and in the presence the ATP-dependent potassium channel inhibitor glibenclamide (1 pM) (right panel). (B) Average values of resting membrane
potential in control (n = 7), SHH (n = 8), Control+glibenclamide (n = 7), N-SHH +glibenclamide (n = 8), N-SHH+L-NNA (n = 7), N-SHH+L-
NNA+glibenclamide (n = 7), N-SHH+ODQ (n = 7), N-SHH+ODQ+Glibenclamide (n = 7). (C) Action potential duration at 95% of the
repolarization (APDys,) in control (n = 7), SHH (n = 8), Control+glibenclamide (n = 7), N-SHH +glibenclamide (n = 8), N-SHH+L-NNA (n = 7),
N-SHH +L-NNA +glibenclamide (n = 7), N-SHH+0DQ (n = 7), N-SHH+ODQ +Glibenclamide (n = 7). (D) The effect of glibenclamide (Glib) was
further evaluated in vivo on the QT interval. Representative ECGs recorded in control (top), N-SHH (middle), and N-SHH+Glib (lower panel) treated
animal. (E) Summary of the mean QTc value in each condition indicating the prevention of N-SHH effect in the presence of glibenclamide. (control
n = 5,N-Shh n = 8, N-Shh+Glib n = 6, *, p < 0.05 compared to vehicle).

| 5:7983 | DOI: 10.1038/srep07983 3



suggesting a production of NO. The NOS inhibitor N®-nitro-L-
arginine (L-NNA) prevented the effect of either N-SHH or
MPs*#* PI3K is known as a potential upstream NOS modulator®.
SHH-induced NO production was inhibited in the presence of PI3K
inhibitor, LY29402. Moreover, the effect of MPs**"* was prevented
when cardiomyocytes were pre-incubated with cyclopamine. When
cells were incubated with MPs lacking the SHH ligand (MPs**™,'°),
DAF fluorescence was comparable to non-treated cells. Altogether,
this demonstrates that SHH pathway is present and functional in
adult rat ventricular cardiomyocytes, and is functionally linked to
NO production most likely through the PI3K/Akt upstream
pathway.

SHH pathway modulates the action potential duration (APD). A
reduction in QT interval without effect on heart rate and autonomic
regulation should be linked to a reduction in APD. Indeed, isolated
cardiomyocytes pre-incubated with N-SHH exhibited a shorter APD
compared to non-treated cardiomyocytes as well as a significant
hyperpolarized resting membrane potential (Figure 3A-C). The
NO/cGMP pathway has been described to activate neuronal ATP-
dependent potassium channel (K-ATP) in the absence of ATP
depletion'>". Interestingly, acute application of glibenclamide, the
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selective and specific blocker of K-ATP channels'®, prevented both
APD reduction and resting membrane hyperpolarization induced by
N-SHH although it had no effect in the absence of N-SHH
(Figure 3A-C). Besides, blockade of NO and ¢cGMP pathway by L-
NNA and ODQ, respectively, blunted the effect of N-SHH. These
experiments suggest the activation by SHH of the K-ATP current
(Ixatp)- The later effect of SHH was then confirmed in vivo in rats
treated by iv-injection of glibenclamide (Figure 3D, E). Glibenclamide
prevented the ability of N-SHH to reduce QTc as for cyclopamine.

Electrophysiological characterization of SHH-activated inward
rectifying potassium current. Potassium currents were recorded
prior to and after incubation with the blocker of K-ATP channels,
glibenclamide'. The current difference reflecting Ixarp was mea-
sured at the end of the pulse to build the current-voltage relation-
ship (Figure 4A, B). This current was absent in control conditions
(Figure 4A, B, open symbols), but was induced by N-SHH
(Figure 4A-B, closed symbols) and was inhibited by both L-NNA
and ODQ (Figure 4C, D).

To corroborate these results, a numerical simulation was per-
formed in the absence and the presence of an additional K™ inward
rectifying current adjusted to best mimic the experimental results of
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Figure 4 | SHH activates an inward rectifying potassium current glibenclamide-sensitive. (A) Family of current difference measured before and after
application of glibenclamide from -120 mV to 0 mV in the absence (black traces) or in the presence of SHH (grey traces). (B) Average steady state

currents expressed as current density are represented in control (n=8) and SHH (n=8). Similar experiments were also performed in the presence ODQ
(n = 6) and L-NNA (n = 6). (C) The average current density at -120 mV. (D) The average current density at —60 mV. * and #, p < 0.05 compare to

control vs N-SHH.
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Figure 5 | SHH signal pathway inhibits excitation-contraction coupling of ventricular cardiomyocytes. (A) Representative time course of sarcomere
length of control (dash line), N-SHH-treated (continuous line) and MPs*""*-treated cardiomyocytes (dot line) for 4 h. (B) Resting sarcomere length in
control, N-SHH-treated and MPs*""*-treated cardiomyocytes. (C) Cell shortening (% of diastolic sarcomere length). (D) Representative time-course of
Ca** transient (450/480 nm indo-1 fluorescence) of control (dashed line) cardiomyocytes and cardiomyocytes incubated with a recombinant SHH (N-
SHH, continuous line) or MPs*""* (dotted line) for 4 h. (E) Diastolic Ca** levels in control, N-SHH-treated and MPs*""'*-treated cardiomyocytes. (F)
Ca** transient amplitude. All parameters were measured in control (n = 253), N-SHH-treated (n = 82) or MPs*""'"-treated (n = 218) cardiomyocytes
after incubation with phosphoinositide-3 kinase inhibitor, LY294002 (LY, 25 pM, n = 19), NOS inhibitor, N®-nitro-L-arginine (L-NNA, 100 uM, n =
19) and SHH pathway inhibitor, cyclopamine (Ccl, 30 uM, n = 17 with N-SHH and n = 75 with MPs*""*). Incubation with MPs lacking the SHH
protein (MPs*""", n = 25) did not modify the shortening or Ca®* transient. Data are mean * SEM, *, p < 0.05 compared to control.

the SHH-induced current (Figure S2A). Adding this inward rectify-
ing K* conductance in the model reduced APD (Figure S2B). This
was accompanied by a reduction in the Ca** transient (Figure S2D)
and an increase in I,; amplitude (Figure S2C), but a reduction in the
net amount of Ca** entering the cell (4.38 E'° vs 3.97 E'® Ca>" ions in
control and SHH respectively) due to shorter Ca** current and con-
sequently reduced Ca*"-induced Ca*" release, as previously reported”.
To validate the results generated by the numerical simulation, isolated
cardiomyocytes were loaded with the Ca®* probe indo-1 and paced at
0.5 Hz to evaluate in more details excitation-contraction coupling
parameters (Figure 5). Sarcomere length variations and cytosolic
Ca®" were simultaneously recorded. Both N-SHH and MPs*™*
reduced cell shortening triggered by the electrical stimulation
(Figure 5A, E) without affecting the resting sarcomere length
(Figure 5B). N-SHH or MPs*™™* also significantly reduced Ca®*

transient amplitude (Figure 5C, F), while the diastolic Ca®* remained
statistically unchanged although slightly decreased (Figure 5D). We
then evaluated the role of the signaling pathway activated by SHH in
intact cardiomyocytes on both cell shortening (Figure 5E) and Ca**
transient (Figure 5F) using specific inhibitors as described above for
NO production (Figure 2). The reduction of cell shortening and Ca>*
transient amplitude induced by N-SHH was fully abolished in the
presence of SHH pathway inhibitor cyclopamine, PI3K inhibitor
LY249002 or the non-selective NOS inhibitor, L-NNA. The effect
of N-SHH mimicked by MPs*"* was also blocked by cyclopamine
while MPs*™ had no effect.

This reduction in cell shortening could be due either to the reduced
Ca*" transient amplitude and/or a direct action on the contractile
machinery. Myofilament Ca®* sensitivity was evaluated in Triton-
X100 skinned cardiomyocytes®. As shown in Figure 6 (A, B), the
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cardiomyocytes for 4 h. * p < 0.05 compared to control.

tension-pCa relationships demonstrated a similar Ca®* sensitization of
the myofilament (pCaso = 5.91 = 0.03 and 5.87 £ 0.03 in control and
MPs*™* conditions respectively, n = 12 cells per condition). A slight
increase in maximal active tension was observed under MPs*™""* treat-
ment for pCa above 5.5. Altogether, these results support the hypothesis
that the reduction in cell shortening by N-SHH and MPs*™" is the
consequence of a reduced Ca** transient. We thus evaluated the effect
of N-SHH and MPs*™* on the main cardiac Ca®" release trigger, i.e.
the L-type Ca®* current (I, Figure 6 C, D) known to be modulated by
NO?'. In voltage-clamp condition, Ic,;, was not directly affected by the
SHH pathway. Finally, sarcoplasmic reticulum (SR) Ca®* release mea-
sured as the peak Ca®" transient measured after a rapid application of
10 mM caffeine was similar in non-treated cells and cells incubated with
either N-SHH or MPs*H*, (F405/F480 ratio = 0.38 * 0.02 (n=63),
0.37 = 0.02 (n = 24) and 0.36 = 0.02 (n = 36) respectively) suggesting
that SHH pathway does not interfere directly with the SR compartment
and SR dependent-Ca** release process.

Cardioprotective effect of SHH signaling pathway. The reper-
fusion injuries were histologically evaluated at 24 hours after
reperfusion by measuring the infarcted area relative to the area at
risk (Figure 7). Fifteen minutes prior to reperfusion, one group of rats
received intraveinous (iv) injection N-SHH (25 pg.kg™), the second
group received N-SHH and cyclopamine (N-SHH+Ccl, 30 M) and
the third one the vehicle (control). These experiments demonstrated

a significant reduction of the infarcted area with N-SHH treatment.
This N-SHH cardioprotective effect was prevented by cyclopamine
(Figure 7A, B). Similar prevention was obtained by glibenclamide
(Figure S3). These in vivo data demonstrate the potent role of SHH
signaling pathway to protect the myocardium against reperfusion
injuries after acute myocardial infarction (AMI). Considering that
the cardioprotective effects are observed within a short time after
reperfusion (i.e. <24 hours), it is unlikely that they are mediated by a
neoangiogenesis and/or mobilization of progenitor cells**. We
therefore hypothesized for another pleiotropic effect of SHH
directly on the myocardial tissue.

We evaluated the ECG recorded before ischemia and during
24 hours after reperfusion in vigil animal by telemetry (Figure 8).
After reperfusion, an enlargement of the QTc interval was observed.
This effect was prevented in animals treated by a single injection of
N-SHH prior to the reperfusion, without cardiodepressive effect on
sinus rate. It is to note that the significance of this effect tends to
disappear after 12 hours probably due to the elimination of the pep-
tide and reversion of its effect (Figure 8A, 2B). When the animals
were treated simultaneously with N-SHH and cyclopamine (N-
SHH+Ccl), the prevention of QTc enlargement was abolished
(Figure 8A, 2B). The beneficial effect of SHH was also prevented
by glibenclamide (Figure S3). QT interval enlargement correlates
in vivo with the occurrence of ventricular arrhythmias and is com-
monly used as a predictor for ventricular tachyarrhythmia and a risk
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Figure 7 | Activation of the SHH pathway decreases the infarct size in a
rat model of IR. (A) Representative sections (Upper) of TTC-stained
hearts. (B) Quantification was analyzed by normalizing the infarct area
(IA) to the area at risk (AAR). Treatment with N-SHH reduced infarct size
after 24 h of reperfusion and this cardioprotective effect was prevented by
cyclopamine. (C) No significant difference was observed in the total AAR
between groups. Data are expressed as mean = SEM (control n = 6, N-
SHH n = 8, N-SHH + Ccln = 6; * p < 0.05 vs control).

factor for sudden cardiac death?*?*. Indeed, the treatment with N-
SHH reduced significantly the number of ventricular arrhythmic
events measured at the reperfusion (Figure 8C-D). This beneficial
effect of SHH was abolished by cyclopamine and glibenclamide
(Figure S3). Altogether, these experiments demonstrate a direct car-
dioprotective effect of SHH pathway on the myocardium involving
an electrophysiological regulation.

Discussion

The present study demonstrates a novel cardioprotective effect of the
morphogenetic SHH pathway in an in vivo model of IR in rats. It was
previously reported that SHH signaling plays an important role in
cardiomyogenesis during embryonic development®*. The restitution
of this signaling in adult rats after myocardial infarction improved
cardiac reparation by enhancing neovascularization, reducing fib-
rosis and cardiac apoptosis®. It has been recently demonstrated that
the stimulation of SHH at the surface membrane of cardiomyocytes
was able to increase the expression of angiogenic cytokines mediating
angiogenesis after myocardial infarction®”. The present study
demonstrates that SHH pathway activation prior to reperfusion by
a single injection of either N-SHH or MPs*""* reduces infarct size
and reperfusion arrhythmias via a prevention of QT enlargement.
Prolongation of QT interval has been associated with an increased
risk of sudden cardiac death after AMI in patients both in short and
long term. It is now admitted that reduction of QT interval and QT

interval variability after reperfusion is beneficial and indicative of a
successful reperfusion in patients undergoing primary percutaneous
coronary angioplasty®.

The stimulation of SHH pathway both by incubation with N-SHH
recombinant protein and shed membrane MPs*"™*'° has an acute
physiological effect on isolated cardiomyocytes. These effects were
abolished by cyclopamine, a specific inhibitor of the SHH pathway
which binds to Smo*”. Moreover, the incubation of isolated cardio-
myocytes with apoptotic T lymphocyte-derived MPs (MPs*""") lack-
ing SHH protein'® had no effect on cardiomyocytes. These data
provide convincing evidence of the potential role of SHH signaling
pathway in adult cardiac tissue. Our results confirm that SHH either
as a recombinant protein or carried by MPs is able to induce NO
generation via SHH/PI3-K/Akt/NOS pathway with physiological
consequences in adult cardiomyocytes as reported in both cultured
endothelial cells and isolated coronary arteries®. The physiological
effects of NO on cardiac function are however still controversial with
positive® or negative® influence on cardiomyocyte contractility. The
final outcome seems to depend on NO concentration, level of adre-
nergic stimulation, oxidative status and the specific NOS isoform
activated”'. In our experiments, the enhanced SHH-induced NOS
activation was associated with reduced cardiomyocyte Ca** transient
and reduced shortening. The mechanisms generally responsible for
the NO-induced reduction of cardiac contractility are still not com-
pletely elucidated. Some studies attributed the reduction to attenu-
ated Ca®* mobilization®, while others suggest reduced Ca**
sensitivity due to troponin I phosphorylation®. However, we have
not observed any alterations of sarcomeric machinery. In our experi-
ments, we have not observed any alteration of the Ca** transient
caused by caffeine-induced Ca’* release from the SR either, suggest-
ing a preserved SR Ca’* load and SR function. NO has multiple jonic
target in cardiomyocytes to modulate action potential waveform (for
review'®). However in the present study the elevation of NO has no
effect in the depolarization phase of the AP as well as the early phase
of the repolarization and I¢,;.

We demonstrate here that SHH-induced NO formation specif-
ically reduces APD through the activation of an inward rectifying
current with electrophysiological and pharmacological properties of
the Ixarp. This decreased the amount of Ca** entering the cell
through the L-type Ca** channel and consequently reduces both
Ca’* transient and sarcomere length shortening of isolated cardio-
myocytes. Together, these data demonstrate the physiological and
pathophysiological implication of Ixarp independently of metabolic
injury or ATP depletion. This specific effect also suggests a close com-
partmentation and functional association between SHH-mediated NO
production and IK,rp activation rendering this pathway highly spe-
cific. This contrasts however with previous reports concluding that, in
ventricular myocytes, NO donors are unable to activate IK1p directly
but it potentiates the same current™ by a mechanism involving a NO/
c¢GMP/PKG dependent phosphorylation®.

Therefore, SHH activates a glibenclamide sensitive current most
likely carried out by a Kir 6.x/SURx K-ATP channel'***. Although it
is one of the most abundantly expressed plasma membrane channels
in cardiomyocytes®, it is thought to play no role under normal con-
dition. Nevertheless and due to its abundance, 1% of channel activa-
tion may shorten the APD by 50%™. Its role in cardiac physiology
and/or pathophysiology remains, besides drastic energetic impair-
ments, poorly elucidated. Recently, it has been demonstrated that
NO/cGMP pathway could directly activate the neuronal K-ATP'*".
This result is in complete agreement with our data, which strongly
supports the hypothesis of Ixsrp activation by SHH signaling via
NO/cGMP pathway. This would provide evidences for a potentially
new regulatory pathway of this specific channel in cardiomyocytes.

The SHH-induced reduction in APD prevents the occurrence of
arrhythmic events and reduces both Ca** entry and release that may
prevent deleterious Ca** overload at the onset of myocardial reper-
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Figure 8 | Activation of SHH signaling improves ventricular repolarization after ischemia-reperfusion. (A) ECGs were acquired over 24 h of
reperfusion following 30min ischemia, in animal treated (i.v. injected 15 min prior reperfusion) either with the vehicle, recombinant N-SHH, or N-SHH
+ Cyclopamine (Ccl). Typical ECGs at 6 hours post reperfusion exhibited an enlargement of QT interval corrected for heart rate (QTc¢). (B) Time course
of QTc variation is summarized in the 3 different experimental conditions. (C) Summarizes the number of arrhythmias recorded over a period of 2 hours
following reperfusion showing a reduction of ventricular arrhythmia when SHH signaling pathway is activated. (D) Three representative patterns of
ventricular arrhythmias (indicated by arrows) recorded after reperfusion in animals treated with the vehicle only (control). (controln = 6, N-SHH n = 8,

N-SHH + Ccln = 6; * p < 0.05).

fusion®. However, the local activation of K-ATP channels during
AMTI”” might result in an increased concentration of potassium lead-
ing to spatial heterogeneities in excitability, conduction, refractoriness
favoring and in turn associated with arrhythmogenic potential. This
is supported by the observation that inhibiting specifically K-ATP
channel during coronary occlusion reduces mortality and ischemia-
associated electrocardiographic changes in a pig model®. This is in
apparent contradiction with our observation demonstrating the bene-
ficial effect of the activation of inward potassium current. However in

pathophysiological situation, Ix s1p channels activate, only locally (i.e.
in the infarcted area) and only during ATP depletion. Here we pro-
vide evidence that such current can be activated in all the myocar-
dium territory independently of the ATP level. Therefore, this should
reduce the heterogeneity of repolarization induced by the ischemic
phase and associated reentry-induced ventricular tachyarrhythmia,
preserve cellular energy balance at varying workloads and limit over-
all Ca** overload at the reperfusion, which might also be highly
beneficial for the myocardium both in term of arrhythmic events as
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well as reperfusion injuries®. A direct pharmacological strategy using
either direct or indirect K-ATP activator has been considered for a
long time for cardioprotection®. Our present data reinforced the
interest for addressing this particular channel in cardioprotection.

In conclusion, we demonstrate the physiological and pathophy-
siological importance and a novel regulatory role of the SHH path-
way in adult cardiomyocytes. We have previously shown that SHH
pathway activation stimulates the release of endothelial NO and
correct endothelial dysfunction subsequent to IR®, and hyperten-
sion*. Moreover, SHH improves neovascularization in hindlimb
ischemia®’. The morphogen SHH holds great promise for regenera-
tion of tissues suffering after ischemic injury by recruiting progenitor
cells>*'. The present study shows for the first time a direct protective
effect of SHH pathway against AMI on cardiac tissue. All together
these pleiotropic effects of SHH participate in cardioprotection by
acting simultaneously on different targets.

Methods

Ethics Statement. All experiments were conducted in accordance with relevant
guidelines and regulations, conformed to European Parliament Directive 2010/63/EU
and the Guide for the Care and Use of Laboratory Animals of the NIH (No. 85-23,
revised 1996). The protocols were approved by the local ethics committee rules
(CEEA-LR-12079).

Recording and Analysis of ECG. ECGs were recorded by using a signal transmitter
(TAF40-Physiotel®)-receiver (RPC-1 ) connected to a data acquisition system
(Ponemah Physiology Platform, DSI, Sat Paul, USA)) as previously reported** The
data were collected continuously over 24 hours (sampling rate of 1 kHz). Digital
recordings were analyzed offline with ECG-auto software (ver 1.5.12.22, EMKA
Technologies). ECG signals were digitally filtered between 0.1 and 100 Hz and
analyzed manually to detect arrhythmias and measure QT interval. T-wave
calculations were made on the basis of the repolarization wave that followed the QRS
complex. The method used to define the QT duration was to consider the QT interval
between the first deviation from an isoelectric PR interval until the final return of the
ventricular repolarization to the isoelectric TP baseline. This was included in the
measure the low-amplitude portion of the T-wave and allowed a complete ventricular
repolarization of ventricles. The RR and the QT duration over a large period of ECG
were determined “beat-by-beat” to limit a possible bias due to a subjective “peak-out”
of QRST complexes and variable shape of T wave. Thus, at least 5000 QRST
complexes were analyzed. ECG signal was analyzed by using software that recognized
the shape of the tracing and placed pre-calibrated gauges after having well-defined
isoelectric baseline. The operator manually validated the QT determination or
excluded it if a doubt existed (noise or movement artifact for example). The time
interval between 2 consecutive R deflections was then automatically calculated and
recorded with the QT interval. By this common method the QT ranges in literature
from 65 to 85 ms in control rats with an RR interval comprised between 150 to
180 ms.

Rat model of Ishemia-reperfusion. Eight-week-old Wistar Kyoto rats (Janvier) were
anesthetized with pentobarbital (Abbott; 40 mg/kg, intraperitonaly (i.p.)), and
ventilated 60 times per min with a volume-cycled respirator. The left coronary artery
was ligated at 1-2 mm from its origin (5-0 silk suture; Autosuture; Tyco Healthcare).
After 15 min of ligation, animals were randomly given vehicle (0.9% saline), N-SHH
(iv., 0.4 pg/mL in 0.9% saline), or MPs™'"'* (i.v., 10 pg/mL in 0.9% saline). After
30 min of occlusion, the ligation was removed and the left coronary artery was
reperfused. Rats were randomly assigned to study groups according to the duration of
left coronary reperfusion Sham-operated animals were subjected to the same surgical
procedure, but the ligation remained untied.

Statistics. Presented numerical data are Mean * standard error of mean (SEM).
Results were considered significant if p < 0.05, with one-way, two-tailed Analysis of
Variance (ANOVA) with Bonferroni post-test.

Further details on methods are included in Supplementary material online.
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