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Aims

In the heart, a period of ischaemia followed by reperfusion evokes powerful cytosolic Ca>* oscillations that can cause

lethal cell injury. These signals represent attractive cardioprotective targets, but the underlying mechanisms of genesis

are ill-defined. Here, we investigated the role of the second messenger nicotinic acid adenine dinucleotide phosphate
(NAADP), which is known in several cell types to induce Ca** oscillations that initiate from acidic stores such as
lysosomes, likely via two-pore channels (TPCs, TPC1 and 2).

Methods
and results

An NAADP antagonist called Ned-K was developed by rational design based on a previously existing scaffold. Ned-K
suppressed Ca*" oscillations and dramatically protected cardiomyocytes from cell death in vitro after ischaemia and

reoxygenation, preventing opening of the mitochondrial permeability transition pore. Ned-K profoundly decreased
infarct size in mice in vivo. Transgenic mice lacking the endo-lysosomal TPC1 were also protected from injury.

against reperfusion injury.

1. Introduction

An interruption in blood supply to the myocardium, such as occurs
during myocardial infarction or during cardiopulmonary bypass, leads
to ischaemia which can cause irreversible injury. Restoration of blood
supply is essential to salvage the myocardium; however, this paradox-
ically results in further injury to the myocardium.1 Ischaemia and reper-
fusion cause major changes in intracellular ATP levels, redox state, pH,
[Ca”], and oxidative stress—critical factors leading to opening
of the mitochondrial permeability transition pore (mPTP).2’4 This
non-selective pore on the inner mitochondrial membrane results in

NAADRP signalling plays a major role in reperfusion-induced cell death and represents a potent pathway for protection

NAADP e Ischaemia e Reperfusion e Calcium e Lysosomes

mitochondrial depolarization and swelling, and inevitably necrotic cell
death.>* Chemical inhibition or genetic ablation of cyclophilin D
(cypD), a protein known to regulate mPTP opening, significantly
increases the resistance of the heart to ischaemia and reperfusion
injury.‘r"6

Despite its role in cell death, Ca*™ is an essential ion in the heart,
coupling electrical excitation to muscular contraction. During the car-
diac action potential, Ca** influx via the sarcolemmal L-type Ca**
channels triggers Ca”" release from the sarcoplasmic reticulum (SR)
via ryanodine receptors (RyRs). The resulting elevation of [Ca®*].
stimulates cardiomyocyte contraction. In healthy cardiomyocytes,
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therefore, [Ca>*]. is very finely regulated via homeostatic mechanisms,
principally by buffering within the SR but also in other organelles such
as mitochondria and lysosomes.”® When ATP becomes depleted
during ischaemia, however, [Ca®*].
cessary to save the cells, but during the first few minutes of reperfusion,
Ca®" is repeatedly released from the SR and pumped back in a futile
oscillatory cycle. If normal Ca®" levels are not quickly restored, this
can result in hypercontracture and cell death.”'*"* The Ca®" oscilla-
tions are caused by cycles of SR Ca®>" release and re-uptake, leading
to mitochondrial Ca®* overload and mPTP opening. Consequently,
drugs such as ryanodine that inhibit the RyR prevent these oscillations,
and protect against mPTP opening and cell death."'* Studies in cardi-
omyocytes have led to the proposal that the SR—mitochondrial inter-
action is a critical target of reperfusion injury.”'> Using multiphoton
microscopy of the intact heart, we have recently shown that slow
[Ca**]. waves occur in cardiomyocytes during reperfusion, and that
these precede mPTP opening.®

Nicotinic acid adenine dinucleotide phosphate (NAADP) is the most
potent Ca”"-mobilizing second messenger identified to date.'® Much
evidence suggests that NAADP triggers Ca® " release from acidic orga-
nelles such as lysosomes.®"®~?? It is therefore distinct from the other
known second messengers, inositol triphosphate (IP3, which stimulates
Ca”" release from the ER/SR via IP5 receptors), and cyclic ADP ribose
(which stimulates Ca®>" release from the SR via the RyR). The Ca**-
mobilizing properties of NAADP were initially identified in sea urchin
eggs.” Subsequent data have shown that NAADP can stimulate Ca**
oscillations in diverse mammalian cell types, including pancreatic beta
cells, smooth muscle, and endothelium.?***=2¢ Two-pore channels
(TPC1 and TPC2 in mammals) are localized to endo-lysosomal mem-
branes, and have been implicated in the release of lysosomal Ca*" in
response to NAADP,>"27:28
is controversial. 2>

Since the identification of NAADP receptors in the heart over 10
years ago,>" a role of NAADP in the cardiac inotropic response has
gradually been revealed. Although NAADP does not appear to be
involved in baseline cardiomyocyte contraction, there is evidence
that it is involved in the increased Ca®" transient and contraction force
in response to isoproterenol.? Delivery of NAADP into resting primary
cardiomyocytes induces Ca®" release from lysosomes, and evokes

increases.”~"" Reperfusion is ne-

although their native ionic permeability

slow, cytosolic Ca** waves reminiscent of those we previously ob-
served in the intact heart during reperfusion.>®3? Higher concentra-
tions of NAADP also triggered spontaneous diastolic Ca®* waves.*?
Significantly, administration of an inhibitor of NAADP signalling sup-
pressed diastolic Ca®" waves and also prevented isoproterenol-
induced arrhythmias in mice.** Diverse stimuli can increase NAADP
within seconds, whereas cardiac NAADP levels were increased 5 min
after B-adrenergic stimulation.? Recently, a cell-permeable, small-
molecule inhibitor of NAADP signalling was identified in a chemical
screen and shown to be effective at nanomolar concentrations in vitro."”
The compound, Ned-19, eliminated glucose-stimulated Ca®" oscilla-
tions in mouse pancreatic beta cells." Ned-19 similarly inhibited
Ca*" oscillations in other tissues such as uterine smooth muscle
(stimulated with oxytocin)** and pulmonary arterial myocytes (stimu-
lated with endothelin-1)."8

As reperfusion-induced Ca*" oscillations lead to mPTP opening and
irreversible cell injury, in combination with other factors present at
reperfusion, they represent an important potential cardioprotective
target. However, the use of canonical Ca*"-channel inhibitors in this
approach is complicated by the essential role of Ca>" in cardiac

contraction. Given the role of NAADP in the generation of Ca** oscil-
lations in diverse systems including cardiac arrhythmia, we reasoned
that NAADP signalling may also play a role in the generation of
reperfusion-induced Ca®" oscillations that lead to lethal injury. Using
a chemically modified form of Ned-19 called Ned-K, we have demon-
strated that inhibition of NAADP-dependent Ca®* oscillations resulted
in cardioprotection in both an in vitro cell-based assay and an in vivo
model of ischaemia and reperfusion. Experiments demonstrating that
TPC1 knockout mice were similarly protected against ischaemia and
reperfusion injury validated the NAADP signalling pathway as a target
for cardioprotection. Thus, inhibition of NAADP-stimulated Ca**
oscillations represents a viable cardioprotective strategy which may
have minimal effects on regular cardiac contraction.

2. Methods

Methods are described in detail in Supplementary material online.

2.1 Animal experiments and cardiomyocyte
isolation

All animals received humane care in accordance with the United Kingdom
Home Office Guide on the Operation of Animal (Scientific Procedures)
Act of 1986. The investigation conforms to the guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals
used for scientific purposes or the NIH guidelines. Male Sprague—Dawley
rats were anaesthetized by i.p. injection of 160 mg/kg pentobarbitone.
Male C57BL/6) and TPC1 knockout mice®*3* were anaesthetized by i.p.
injection (0.01 mL/g) of a solution containing ketamine 10 mg/mL, xylazine
2 mg/mL, and atropine 0.06 mg/mL. Adequacy of anaesthesia was moni-
tored by pedal response and breathing rate. Animals were euthanized by
severing of the aorta. The in vivo model of myocardial infarction was per-
formed in mice using 30 min ischaemia followed by 120 min reperfusion.
Drugs were administered i.v. 5 min before reperfusion. Adult rat ventricular
cardiomyocytes were prepared by standard methods.*

2.2 mPTP assay

mPTP opening was induced in a previously described model of oxidative
stress in which cardiomyocytes loaded for 15 min with 5 wM tetra-methyl
rhodamine methyl ester (TMRM) are scanned using the 543 nm laser line of
a confocal microscope, generating reactive oxygen species (ROS).>* ¢ The
time to mitochondrial depolarization provides an index of mPTP sensitivity
to opening.

2.3 Mitochondrial swelling assay

Mitochondrial swelling was assessed by measuring the absorbance of
the mitochondrial suspension (0.5 mg/mL) at 520 nm after the addition
of 500 pM free Ca**.

2.4 Confocal imaging of Ca?* sparks, transients,
and oscillations

To detect Ca®* sparks and transients, cardiomyocytes were loaded with
the fluorescent dye Fluo4-AM, 5 wmol/L for 30 min. Rapid line scans
were performed (three line scans per cell at different regions of the cell)
using the HeNe 488 nm laser of an Leica SP5 confocal microscope. Ca>*
spark frequency was determined using Image] with the ‘Sparkmaster’ plugin.
Ca®* transients were stimulated by electrical field stimulation with
platinum electrodes (square pulses, 1 Hz, 1 ms, 5 V/cm). Addition of
10 mmol/L-Caffeine was used to trigger Ca’" release from the SR and
measure SR Ca?* content. Cells were subjected to simulated ischaemia
by incubating in a glucose-free, anoxic buffer (pH 6.4), before reoxygena-
tion in normoxic buffer. Cell death was determined by staining with propi-
dium iodide (PI).
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Figure | Distribution of lysosomal Ca®* stores in cardiomyocytes and description of Ned-19 and Ned-K. (A) Primary rat cardiomyocytes contain
abundant lysosomes distributed throughout the cell, many of which contain Ca®* (e.g. arrowheads), as visible in a projected Z-stack of a cardiomyocyte
stained with lysosensor green and the Ca*" sensor rhod2-AM. Bar, 10 wm. (B) Treatment with 100 nmol/L of bafilomycin A, an inhibitor of vacuolar
H™-ATPases, caused a gradual loss of both lysosensor and rhod2 fluorescence from lysosomes (arrowheads). Bar, 10 wm. n = 3 independent experi-
ments. (C) Treatment with 10 wM GPN causes a decrease in the number of lysosomes per cell detected with lysosensor within 10 min. n = 3 independ-
ent experiments with nine cells. (D) The chemical structures of Ned-19 and Ned-K. (E) Inhibition curves of Ned-19 and Ned-K in an assay of
NAADP-stimulated Ca®" release using sea urchin egg homogenates (see Supplementary material online, Methods). n = 3 independent measurements

per group.

2.5 Chemical synthesis

The trans-form of Ned-19 was synthesized as described previously."> The
synthesis of Ned-K is described in Supplementary material online.

2.6 Statistics

All values are expressed as mean + SEM. Data were analysed by one-way
ANOVA followed, where significant, by post hoc analysis using Dunnett’s
test for comparisons solely against control values, or Tukey’s test for
multiple comparisons.

3. Results

Lysosomes are Ca*"-containing acidic organelles.>” Cardiomyocytes
contain abundant lysosomes, as detected by staining with the fluorescent
lysosomotropic dye lysosensor green (Figure 1A). Although rhod2-AM is
typically used as a probe of mitochondrial Ca®", it also accumulates in
lysosomes as has been previously noted.*® There was a high degree of
overlap between lysosensor and rhod2-AM fluorescence (Figure 1A),
indicating that most of the lysosomes in cardiomyocytes contain Ca**.
Sequestration of Ca®* in lysosomes depends on their low luminal pH.
Consequently, treatment of cells with bafilomycin A, an inhibitor of vacu-
olar H"-ATPases,*! resulted in gradual loss of both the pH-dependent,
lysosensor probe, and rhod2 fluorescence from the lysosomes
(Figure 1B). Pretreatment with glycyl-l-phenylalanine-beta-naphthylamide
(GPN), which selectively permeabilizes lysosomes by osmotic lysis, also
caused gradual disappearance of lysosensor green staining (Figure 1C), in
parallel with loss of Rhod-2 fluorescence. Interestingly, GPN also caused
a transient increase in the frequency of spontaneous Ca>* sparks

(see Supplementary material online, Figure ST). Thus, lysosomes contain
Ca’ and are a potential source of Ca®" release in ventricular
cardiomyocytes.

Next, with the aim of improving the biological effectiveness and se-
lectivity of Ned-19, we developed a new analogue of Ned-19, in which
the fluoride was replaced with a cyano group (Figure 1D). This modifi-
cation improved its cLogP value, a measure of aqueous solubility calcu-
lated by the Cresset Fieldview System, and its topological polar surface
area (TPSA), (Ned-19 cLogP = 4.6, TPSA = 80.8; Ned-K cLogP =
4.05, TPSA = 105). Indeed, this new compound, which we called
Ned-K, is noticeably more soluble than Ned-19, and it was possible
to dissolve it at concentrations up to 300 mmol/L in stock solutions
of DMSO, compared with a maximal limit of 100 mmol/L solutions
of Ned-19. We compared the potency of Ned-K with Ned-19 using
the sea urchin egg homogenate assay system that was used in the ori-
ginal characterization of Ned-19."” Addition of NAADP to this system
causes a rapid release of Ca®" from acidic organelles, and compounds
such as Ned-19 inhibit this NAADP-stimulated Ca®" release. Accord-
ing to this assay, Ned-K retained an almost identical inhibitory capacity
as Ned-19 in vitro (Figure 1E).

Since lysosomal Ca®* triggers ER/SR-based Ca* oscillations in vari-
ous cell types, we investigated whether inhibition of NAADP signalling
would prevent the Ca*" oscillations which occur at reperfusion and
lead to mPTP opening and cell death.">*? First, we examined the

changes in [Ca®*].

that occur in cardiomyocytes during simulated
ischaemia and reperfusion (sIR). Adult rat cardiomyocytes were loaded
with the fluorescent Ca%* sensor, Fluo4-AM, and imaged during a

period of 60 min simulated ischaemia followed by reoxygenation for
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Figure 2 Primary cardiomyocytes subjected to simulated ischaemia and reoxygenation in vitro exhibit large Ca*"
are suppressed in the presence of Ned-K or Ned-19. (A) Primary cardiomyocytes loaded with a Ca®*
ited occasional Ca*" fluctuations during stabilization. (B) [Ca>*] increased after 40 min hypoxia. (C) Large Ca>"

oscillations at reoxygenation, which
-sensitive fluorescent indicator, Fluo4-AM, exhib-
oscillations occurred as [Ca2*] returned

to baseline during reoxygenation. (D and F) In the presence of 10 wmol/L of Ned-19 (D), 10 wmol/L of Ned-K (E), or 0.1 wmol/L of Ned-K (F), Ca**

oscillations during reoxygenation were suppressed. (G) Compared with stabilization, the average number of Ca**

during reoxygenation, whereas Ca*"

oscillations was significantly increased

oscillations were significantly decreased compared with vehicle by 0.1 pmol/L of Ned-K or 10 pmol/L of Ned-19,

and even further suppressed by 10 wmol/L of Ned-K (P < 0.05 vs. 0.1 wmol/L of Ned-K; n = 3 independent experiments with 26—35 cells per group).

(H) A smoothed chart of the frequency of Ca**

20 min (sIR) on the stage of a confocal microscope. Before ischaemia,
[Ca®*]. was stable except for occasional spikes during spontaneous
which occur in unstimulated cultures
(Figure 2A). As expected, [Ca®*]. had risen markedly after ~40 min

simulated ischaemia (Figure 2B). After reoxygenation, most cells under-

cellular contractions,

went rapid periodic contractions corresponding with large [Ca®"].
oscillations (Figure 2C and H). The frequency of these Ca*" oscillations
reached a maximum at ~3 min, then decreased gradually over the next
7-12 min (Figure 2C and H), during which time some cells underwent
Ca®* overload and hypercontracture (indicating lethal injury), and
others regained [Ca>*]. homeostasis, recovering normal rod-shaped
morphology.

We evaluated the potential of the Ned drugs to inhibit [Ca®T].
oscillations during reoxygenation. Ned-19 (10 wmol/L) decreased the

frequency of [Ca®*]. oscillations (Figure 2D and H). The chemical

oscillations that occurred over time during early reoxygenation. ***P < 0.001, *P < 0.05.

modification in Ned-K appears to greatly improve its effectiveness at
preventing Ca>* oscillations in this model, since 10 pmol/L of Ned-K
*c oscillations (Figure 2E and H),
and 0.1 pmol/L of Ned-K was as effective at suppressing [Ca* ] levels
as 10 pmol/L of Ned-19 (Figure 2D, F, and H). The average frequency of

Ca*" oscillations in each cell was analysed statistically (see Methods;

almost completely eliminated [Ca®

Figure 2G) and was found to be significantly suppressed by the treat-
ments (P < 0.001, n = 3). These results demonstrate that Ned-19
and, particularly, Ned-K were effective at dampening sIR-induced
Ca”" oscillations in cardiomyocytes.

To determine whether inhibition of NAADP-stimulated Ca** oscil-
lations corresponded to protection against ischaemia and reperfusion
injury, the cells were stained with vital dye Pl at the end of the experi-
ment, and the percentage of dead vs. live, rod-shaped cells was scored.
sIR significantly increased the percentage of dead cells to 49 + 5%
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Figure 3 sIR increases the percentage of dead primary adult cardi-
omyocytes (i.e. hypercontracted and Pl+4ve). Treatment with
10 wmol/L of Ned-K or 10 wmol/L of Ned-19 significantly decreased
the percentage of dead cells. Pretreatment of cells with 10 pwmol/L of
GPN, which eliminates lysosomes, was also protective. *P < 0.05;
**P < 0.01; ***P < 0.001; n =4 independent experiments with
700-1500 cells per group.

compared with 17 + 3% in normoxic buffer (P < 0.001,n = 4; Figure 3).
Treatment with 10 wmol/L of Ned-19 or 10 pmol/L of Ned-K at reox-
ygenation significantly decreased cell death after sIR to 22 + 1 and
16 + 1%, respectively (both P < 0.01 vs. vehicle). Ned-K (0.1 wmol/L)
caused a slight decrease in cardiomyocyte death (34 + 6%), which
did not reach significance. We reasoned that if protection occurs via
inhibition of lysosomal Ca®* release, then an agent that eliminates lyso-
somal Ca>* would be similarly protective. Indeed, pretreatment of cells
with GPN to permeabilize lysosomes, followed by 30 min washout be-
fore sIR, decreased cell death to 25 + 5% (P < 0.05 vs. vehicle). Brief

2], oscillations

pretreatment of cells with GPN also suppressed [Ca
at reperfusion to a similar degree (see Supplementary material online,
Figure S2A-D).

To confirm that the protection and suppression of Ca>* oscillations
observed with Ned-19 and Ned-K was not due to off-target inhibition
of the RyR directly, we evaluated their effect on the frequency of spon-
taneous Ca*" sparks, and on efficiency of excitation—contraction
coupling. Ca®" sparks occur spontaneously in unstimulated primary
cardiomyocytes primarily as a consequence of spontaneous Ca**
release from the SR via the RyR,** as demonstrated by the complete
inhibition of Ca®" sparks by ryanodine (Ry; Figure 4A). The frequency
of Ca®* sparks in cardiomyocytes treated with different concentrations
of Ned-K was not significantly altered, even at concentrations up to
300 pwmol/L (Figure 4A). However, at the highest concentration used
(100 pmol/L), Ned-19 inhibited Ca®" spark frequency from 2.7 +
0.4 Ca** sparks/s in controls to 0.9 + 0.2 Ca®" sparks/s (P < 0.01,
n = 3; Figure 4A). Similarly, while Ca>™ transient amplitude in response
to electrical pacing was unaltered by the presence of 100 wmol/L of
Ned-K (Figure 4B), their amplitude was significantly decreased by

100 wmol/L of Ned-19 (Figure 4B), with Ca®™ transients completely
eliminated in 30% of cells analysed. These results suggested that
100 wmol/L of Ned-19 affects SR Ca>* handling either by inhibiting
the RyR or decreasing SR Ca®* content, and subsequent experiments
measuring the release of SR Ca** by treatment with caffeine indicated
that the latter is the case (see Supplementary material online, Figure S3).
Ned-K, however, appears to be more specific as it has no such direct
effect on SR Ca®" handling.

Next, we investigated whether Ned-19 or Ned-K would protect
against cardiac ischaemia and reperfusion injury in an in vivo mouse
model of ischaemia and reperfusion injury. The left anterior descending
coronary artery of anaesthetized mice was occluded for 30 min, fol-
lowed by a period of reperfusion for 2 h, after which time the heart
was removed and the extent of infarction in the area at risk measured
by tetrazolium chloride staining and Evans blue. In control mice, in-
jected with the vehicle 5 min before reperfusion, infarct size measured
51 4+ 9% (n =5) of the ischaemic area ‘at risk’ (Figure 5A and see
Supplementary material online, Figure $4). The infarct size in mice in-
jected with Ned-19 was slightly lower but not significantly different
from controls (41 + 5%, n = 6; Figure 5A). Injection of Ned-K, how-
ever, caused a significant reduction in infarct size (25 + 3%, n=5;
P < 0.05; Figure 5A).

We tested whether genetic suppression of the NAADP signalling
pathway would be similarly cardioprotective. TPC1 has been proposed
to form a Ca>* channel in the lysosomal membrane that is regulated by
NAADP.2"?” We therefore probed the role of TPC1 in injury using
mice lacking TPC1.33 TPC1 knockout mice have no obvious phenotype,
but after subjecting them to experimental myocardial infarction they
were revealed to be protected against cardiac ischaemia and reperfu-
sion, with infarct sizes of 32 + 4% of the area at risk, compared with
51 + 5% of the area at risk in littermate wild-type controls (n = 4-5,
P < 0.05; Figure 5B). Taken together, the data in Figure 5A and B show
that both chemical and molecular inhibition of NAADP signalling in vivo
reduces ischaemia and reperfusion injury.

To test whether ischaemia and reperfusion injury was associated
with changes in NAADP levels, mouse hearts were isolated and
perfused using a Langendorff apparatus. An improved enzymatic cycling
assay** was used to quantify NAADP in hearts subjected to global is-
chaemia and reperfusion. NAADP levels in control perfused mouse
hearts were 8.3 + 2.0 fmol mg71 protein (Figure 5C). NAADP was sig-
nificantly reduced after a period of 30 min global ischaemia to 2.0 +
0.3 fmol mg~". Upon reperfusion, NAADP levels recovered, though
they did not increase above baseline levels. However, these data
show that NAADP levels are dynamically regulated during ischaemia
and reperfusion further supporting a role for NAADP signalling in
injury at reperfusion.

Finally, we investigated the mechanism of cardioprotection by Ned-K
by examining whether it could prevent opening of the mPTP. We used a
,**¢ in which primary adult cardiomyocytes
are loaded with the fluorescent dye TMRM, which accumulates in mito-

previously validated mode

chondria and generates ROS in response to confocal laser-induced
phototoxicity. This results in Ca** overload culminating in mPTP open-
ing and cell death.*® We measured the time taken under continual con-
focal laser scanning before mPTP opening occurs, visualized by the rapid
redistribution of TMRM from the mitochondria to the cytosol, and by an
abrupt increase in fluorescence as the dye dequenches in the cytosol
(Figure 6A). As a positive control, ciclosporin A (CsA) significantly de-
layed the time to mPTP opening compared with vehicle by 55 + 7%
(n =4, P<0.01; Figure 6B). There was a significant delay in mPTP
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Figure 4 Ned-19 but not Ned-K adversely affected spontaneous SR Ca*"
sparks in the presence of Ned-19 or Ned-K (n = 14—16 cells). Ryanodine (Ry, 10 pmol/L) eliminated

cytes loaded with fluo4-AM. (A) The frequency of Ca*"

sparks and pacing-induced Ca®* transients in confocal line scans of cardiomyo-

Ca®* sparks (n = 3 independent experiments with 10—30 cells per group). Representative line scans are shown. **P < 0.01 vs. vehicle. (B) The amplitude of
electrically stimulated Ca*" transients (AF/Fo) was significantly decreased by 100 wmol/L of Ned-19. In contrast, Ned-K had no effect. Representative line

scans are shown, with traces of Ca2*

opening in the presence of 10 or 100 wmol/L of Ned-K (Figure 6B) or
Ned-19 (see Supplementary material online, Figure S5). In this model,
ROS exposure caused a 2.4-fold increase in [Ca“]mm detected using
Fluo4-AM (see Supplementary material online, Figure S6), and this
increase was suppressed in the presence of 10 wmol/L of ryanodine
or, 1-100 pmol/L of Ned-K (Figure 6C). Since this is the first time that
a link between Ca®* release from acidic stores and mPTP opening has
been demonstrated, we performed a further experiment in which cardi-
omyocytes were pretreated for 30 min with bafilomycin A to assess
whether this would have any effect on mPTP opening. In line with our
hypothesis, pretreatment with 100 nM bafilomycin A significantly
delayed the time to mPTP opening by 41 + 25% (P < 0.05, n = 4;
Figure 6B). The delay in mPTP opening was not due to a direct effect
of the Ned drugs on the mPTP, since Ca>*-induced swelling of isolated
mitochondria was unaffected by their presence (Figure 6D).

4. Discussion

Our results demonstrate that reperfusion-induced Ca>* oscillations in

primary adult cardiomyocytes can be suppressed by treatment with

transients indicated below. **P < 0.01, ¥***P < 0.001; n = 6 independent experiments with 30—40 cells per group.

Ned-19, or, more effectively, with an improved form of Ned-19 called
Ned-K. Although Ned-19 decreased SR Ca** content at higher con-
centrations, Ned-K had no effect on SR Ca’t
*+ spark frequency or electrically stimulated Ca®*

content, and did not alter
spontaneous Ca>
transient amplitude. While both drugs protected primary cardiomyo-
cytes against sIR injury in vitro, Ned-K was uniquely protective against
IR injury in vivo, in accordance with its improved pharmacological
properties. Genetic deletion of TPC1 was similarly protective in
mice. The protective effects of Ned-K were mirrored in vitro by treat-
ment with GPN to eliminate lysosomes. Mechanistically, protection is
likely via prevention of reperfusion-induced Ca*" oscillations that
trigger mPTP opening in cardiomyocytes.

The mechanism of action of NAADP is not entirely clear. Increasing
evidence supports a ‘trigger mechanism’ in which NAADP causes
release of Ca®* from lysosomes which then triggers SR/ER Ca*"

19,47—-49 .

release, in much the same way as sarcolemmal Ca>* entry trig-

47 Indeed,
in recent years, lysosomes have been gaining attention, with the growing

gers SR Ca”" release during excitation—contraction coupling.

realization that their function extends beyond the ‘garbage disposal role
in protein degradation originally ascribed to them. They are now
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Figure 5 Evaluation of cardioprotection in an in vivo model of ischaemia and reperfusion. (A) Ned-K, but not Ned-19 (administered i.v. to mice 5 min
before reperfusion), significantly decreased myocardial infarct size relative to area at risk. *P < 0.05; n = 5—6 per group. (B) Infarct size relative to area at
risk was significantly decreased in mice lacking TPC1. See Supplementary material online, Figure $4 for representative heart sections after tetrazolium
staining. *P < 0.05; n = 4-5 per group. (C) NAADP levels in hearts subject to 30 min normal perfusion (con), ischaemia (Isch), or ischaemia followed by
reperfusion for 5 or 10 min. **P < 0.01, ***P < 0.001; n = 3 hearts per group.

recognized as an important store of Ca**, containing ~400—600 pumol/L
in macrophages, and ~550 wmol/L in fibroblasts.”>*® Our observation
that pretreatment of cardiomyocytes with bafilomycin A to deplete
lysosomal Ca”*, both delayed mPTP opening and protected against
sIR, supports a mechanism in which NAADP stimulates the release
of lysosomal Ca®*, which then triggers Ca®" oscillations during
reperfusion.

Interestingly, there was a significant reduction in total cardiac
NAADP content after a period of 30 min global ischaemia which re-
turned to basal levels by 5 min reperfusion. We speculate that oxida-
tion of the lysosomal Ca*™ channel during reperfusion may sensitize
it to NAADP, in a manner similar to the redox regulation of RyR2.>°
We have previously shown that intracellular oxidation and cytosolic
Ca®" overload occur together in highly localized regions during reper-
fusion of the myocardium, leading to mPTP opening.

Reperfusion-induced Ca** oscillations are caused by the cyclic
release and uptake of Ca®" from the SR. While we have shown that
inhibition of lysosomal release channels reduces these oscillations,
other mechanisms could affect Ca®" SR load and triggering of SR
Ca®" release during ischaemia or reperfusion, such as ATP depletion
which prevents Ca®" pumps from functioning. Other transporters,
such as the plasmalemmal Na*/Ca®* exchanger, contribute indirectly
to Ca®" oscillations by increasing cytosolic Ca®" overload during
reperfusion.’™? Notably, in these studies, the complete absence of
extracellular Ca>* during reperfusion only reduced the oscillation
frequency by ~50%,”" which reflects the fact that internal Ca®"
sources must contribute to the oscillations.

Some differences were observed between Ned-19 and Ned-K,
which may be ascribed to the changes in chemical structure. Ned-19
was previously identified in a virtual screen using NAADP as the query
ligand. Using the sea urchin egg homogenate assay, it was verified as

inhibiting NAADP-stimulated Ca®* release activity. Similarly, Ned-19
inhibited NAADP-induced Ca™ release in mouse pancreatic beta cells,
and reduced glucose-induced Ca>* increase in islets. By replacing the
fluoride in Ned-19 with a cyano group in Ned-K (Figure 1), we im-
proved its cLogP value from 4.6 to 4.05. Although the change in cLogP
value may appear marginal, this is a tangible outcome given that values
are logarithmic. The TPSA is a measure of the polar contribution
of groups such as O, N, and —CN and is related to how hydrated a
molecule can become in aqueous environments. This value was
improved from 80.8 in Ned-19 to 105 in Ned-K. More importantly, it
seems that the receptor sites or ion channels involved in cardioprotec-
tion may have water molecules that can bridge between the peptide
residues and the cyano group in Ned-K.

Opening of the mPTP is a major step on the path to cell necrosis and IR
injury, as shown by experiments with mice lacking the cypD component
of the mPTP or treated with CsA, which binds to and inhibits cypD."***
Given that NAADP stimulates Ca?* oscillations, and Ca’* oscillations
cause mitochondrial Ca®* overload and mPTP opening, we hypothesized
that the mechanism of protection of NAADP inhibitors would be via in-
hibition of the mPTP. We used a model of ROS-induced mPTP openingin
primary cardiomyocytes. Ca** was shown to increase in this model and
contribute to mPTP opening. The involvement of lysosomes in this model
was confirmed by the delay in mPTP opening observed after pretreat-
ment with bafilomycin A to empty acidic stores (Figure 6B). In accordance
with our hypothesis, we found that Ned-19 and Ned-K inhibited mPTP
opening in cells (Figure 6B), but that this effect was indirect, since they
did not prevent Ca®*-induced swelling in isolated mitochondria
(Figure 6D). The mPTP represents a common end target of many pharma-
cological cardioprotective agents, although often the exact mechanism by
which they prevent mPTP opening is not known.>>>* It may be interesting
to evaluate whether any of these agents affect lysosomal Ca*" release.
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Figure 6 Ned-K increased the resistance of the mPTP to opening in response to oxidative stress. (A) Confocal images demonstrating the model in
which mPTP opening leads to a de-quench wave of fluorescence across the cardiomyocyte. (B) The time to mPTP opening was assessed in cells exposed
to oxidative stress after treatment with the indicated drugs. Ned-K delayed mPTP opening, as did CsA, an inhibitor of the mPTP. Emptying of acidic stores
with 100 nmol/L of bafilomycin A (Baf) also delayed mPTP opening. n = 4 independent experiments with 18—46 cells per group. *P < 0.05, **P < 0.01,
vs. vehicle control. (C) Ca®" increased during the mPTP assay, and this was blunted by 10 wmol/L of ryanodine (‘Ry’), or Ned-K (n = 4 independent
experiments). (D) Ned-K (10 pmol/L) did not directly affect the Ca*" threshold for mPTP opening in isolated mitochondria when compared with

the mPTP inhibitor, 0.2 wmol/L of CsA. n = 6 independent experiments.

Despite Ned-19 and Ned-K having similar activities in an in vitro, sea
urchin egg homogenate assay of NAADP inhibition, only Ned-K was
found to be cardioprotective in vivo. The exact reason for this difference
is not known, but may be related to differences in pharmacokinetic pro-
file. An alternative possibility is that Ned-19 has an additional detrimen-
tal off-target effect—perhaps one related to the effect it was observed
to have in vitro on depleting SR Ca®>*. We attempted to measure tissue
content of Ned compounds by HPLC after administration in vivo, but
the levels were at or below the lower limit of detection. A further limi-
tation of the study is that we did not test cardioprotection of Ned-K in
the TPC1 knockout mice, which would have helped to confirm its
mechanism of action.

Deletion of TPC1 protected against ischaemia and reperfusion
injury, suggesting that it is functionally important in the ventricular

myocardium. Much evidence has accumulated recently identifying
TPCs as NAADP-regulated Ca®"-permeable channels®10-2228
NAADP-mediated Ca”" signals are thus potentiated when TPCs are
overexpressed and inhibited by siRNA, gene knockout, and dominant-

negative TPC constructs (reviewed in Hooper and Patel*®

). In two
thorough, but highly controversial publications, data have been pre-
sented indicating that TPCs are not Ca’* channels, but rather Na*-
selective ion channels that are insensitive to NAADP and instead acti-
vated by the phosphoinositide PI(3,5)P, and ATP depletion.””>* These
discrepancies have been partly reconciled by a recent study which de-
fined ionic conditions uncovering co-regulation of TPCs by NAADP,
PI(3,5)P,, and ATP.>® Thus, during ischaemia, ATP depletion might con-
tribute to activation of TPCs by NAADP and/or PI(3,5)P,. Further

work, however, is required to determine whether NAADP-dependent
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Ca®" oscillations reported here are a direct consequence of Ca*" flux
58,59

through TPCs. Nevertheless, recent pharmacological®” and genetic

approaches reaffirm the importance of TPCs in NAADP-mediated
Ca®" release.”® In support, both NAADP antagonism and TPC1
knockout afford protection against reperfusion injury highlighting the

therapeutic potential of this pathway.

Supplementary material

Supplementary material is available at Cardiovascular Research online.

Acknowledgements

The authors thank Jose Vicencio for his helpful comments on the

manuscript.

Conflict of interest: none declared.

Funding

This work was supported by MRC (EAA/17568), the British Heart Founda-
tion (PG-10-005), and by the Biotechnology and Biological Sciences
Research Council grant numbers (BB/G013721/1 and BB/K000942/1).
The work was undertaken at UCLH/UCL who received a proportion of
funding from the Department of Health’s NIHR Biomedical Research Cen-
tres funding scheme. Funding to pay the Open Access publication charges

for this article was provided by the MRC and BHF.

References

1. Hausenloy D}, Ong SB, Yellon DM. The mitochondrial permeability transition pore as a
target for preconditioning and postconditioning. Basic Res Cardiol 2009;104:189—202.
2. Halestrap AP, Clarke S}, Javadov SA. Mitochondrial permeability transition pore open-
ing during myocardial reperfusion—a target for cardioprotection. Cardiovasc Res 2004;

61:372-385.

3. Davidson SM, Yellon DM, Murphy MP, Duchen MR. Slow calcium waves and redox
changes precede mitochondrial permeability transition pore opening in the intact heart

during hypoxia and reoxygenation. Cardiovasc Res 2012;93:445—453.

4. Crompton M, Virji S, Doyle V, Johnson N, Ward JM. The mitochondrial permeability

transition pore. Biochem Soc Symp 1999;66:167—179.

5. Lim SY, Hausenloy D), Arjun S, Price AN, Davidson SM, Lythgoe MF, Yellon DM. Mito-
chondrial cyclophilin-D as a potential therapeutic target for post-myocardial infarction

heart failure. | Cell Mol Med 2011;15:2443-2451.

6. Baines CP, Kaiser RA, Purcell NH, Blair NS, Osinska H, Hambleton MA, Brunskill EWV,
Sayen MR, Gottlieb RA, Dorn GW, Robbins J, Molkentin JD. Loss of cyclophilin D re-
veals a critical role for mitochondrial permeability transition in cell death. Nature 2005;

434:658—-662.

7. Garcia-Dorado D, Ruiz-Meana M, Inserte ], Rodriguez-Sinovas A, Piper HM. Calcium-
mediated cell death during myocardial reperfusion. Cardiovasc Res 2012;94:168—180.
8. Macgregor A, Yamasaki M, Rakovic S, Sanders L, Parkesh R, Churchill GC, Galione A,
Terrar DA. NAADP controls cross-talk between distinct Ca®" stores in the heart. | Biol

Chem 2007;282:15302—15311.

9. Griffiths EJ, Ocampo CJ, Savage JS, Rutter GA, Hansford RG, Stern MD, Silverman HS.
Mitochondrial calcium transporting pathways during hypoxia and reoxygenation in sin-

gle rat cardiomyocytes. Cardiovasc Res 1998;39:423-433.

10. Stamm C, Friehs |, Choi YH, Zurakowski D, McGowan FX, del Nido PJ. Cytosolic cal-
cium in the ischemic rabbit heart: assessment by pH- and temperature-adjusted rhod-2

spectrofluorometry. Cardiovasc Res 2003;59:695—704.

11. Leyssens A, Nowicky AV, Patterson L, Crompton M, Duchen MR. The relationship be-
tween mitochondrial state, ATP hydrolysis, [Mg”]i and [Ca”]; studied in isolated rat

cardiomyocytes. | Physiol 1996;496(Pt 1):111-128.

12. Siegmund B, Zude R, Piper HM. Recovery of anoxic-reoxygenated cardiomyocytes

from severe Ca>* overload. Am | Physiol 1992;263:H1262—H1269.

13. Piper H. The first minutes of reperfusion: a window of opportunity for cardioprotec-

tion. Cardiovasc Res 2004;61:365—371.

14. Inserte J, Barrabes JA, Hernando V, Garcia-Dorado D. Orphan targets for reperfusion

injury. Cardiovasc Res 2009;83:169-178.

15. Piper HM, Abdallah Y, Kasseckert S, Schluter KD. Sarcoplasmic reticulum-
mitochondrial interaction in the mechanism of acute reperfusion injury. Viewpoint.

Cardiovasc Res 2008;77:234-236.
16. Guse AH, Lee HC. NAADP: a universal Ca>" trigger. Sci Signal 2008;1:re10.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Naylor E, Arredouani A, Vasudevan SR, Lewis AM, Parkesh R, Mizote A, Rosen D,

Thomas JM, Izumi M, Ganesan A, Galione A, Churchill GC. Identification of a chemical
probe for NAADP by virtual screening. Nat Chem Biol 2009;5:220—-226.

. Jiang YL, Lin AH, Xia Y, Lee S, Paudel O, Sun H, Yang XR, Ran P, Sham JS. Nicotinic acid

adenine dinucleotide phosphate (NAADP) activates global and heterogeneous local
Ca*t signals from NAADP- and ryanodine receptor-gated Ca* stores in pulmonary
arterial myocytes. | Biol Chem 2013;288:10381-10394.

. Galione A, Morgan AJ, Arredouani A, Davis LC, Rietdorf K, Ruas M, Parrington J.

NAADP as an intracellular messenger regulating lysosomal calcium-release channels.
Biochem Soc Trans 2010;38:1424—-1431.

Brailoiu GC, Gurzu B, Gao X, Parkesh R, Aley PK, Trifa DI, Galione A, Dun NJ,
Madesh M, Patel S, Churchill GC, Brailoiu E. Acidic NAADP-sensitive calcium stores
in the endothelium: agonist-specific recruitment and role in regulating blood pressure.
J Biol Chem 2010;285:37133-37137.

Calcraft PJ, Ruas M, Pan Z, Cheng X, Arredouani A, Hao X, Tang ], Rietdorf K, Teboul L,
Chuang KT, Lin P, Xiao R, Wang C, Zhu Y, Lin Y, Wyatt CN, Parrington J, Ma |,
Evans AM, Galione A, Zhu MX. NAADP mobilizes calcium from acidic organelles
through two-pore channels. Nature 2009;459:596—600.

Collins TP, Bayliss R, Churchill GC, Galione A, Terrar DA. NAADP influences
excitation-contraction coupling by releasing calcium from lysosomes in atrial myocytes.
Cell Calcium 2011;50:449—-458.

Lee HC, Aarhus R. A derivative of NADP mobilizes calcium stores insensitive to inosi-
tol trisphosphate and cyclic ADP-ribose. | Biol Chem 1995;270:2152—-2157.

Aley PK, Noh H], Gao X, Tica AA, Brailoiu E, Churchill GC. A functional role for nico-
tinic acid adenine dinucleotide phosphate in oxytocin-mediated contraction of uterine
smooth muscle from rat. | Pharmacol Exp Ther 2010;333:726—735.

Patel S, Ramakrishnan L, Rahman T, Hamdoun A, Marchant JS, Taylor CW, Brailoiu E.
The endo-lysosomal system as an NAADP-sensitive acidic Ca(*") store: role for the
two-pore channels. Cell Calcium 2011;50:157-167.

Arredouani A, Ruas M, Collins SC, Parkesh R, Clough F, Pillinger T, Coltart G,
Rietdorf K, Royle A, Johnson P, Braun M, Zhang Q, Sones W, Shimomura K,
Morgan AJ, Lewis AM, Chuang KT, Tunn R, Gadea J, Teboul L, Heister PM,
Tynan PW, Bellomo EA, Rutter GA, Rorsman P, Churchill GC, Parrington J,
Galione A.NAADP and endolysosomal two-pore channels modulate membrane excit-
ability and stimulus-secretion coupling in mouse pancreatic beta cells. | Biol Chem 2015;
290:21376-21392.

Brailoiu E, Churamani D, Cai X, Schrlau MG, Brailoiu GC, Gao X, Hooper R,
Boulware MJ, Dun NJ, Marchant JS, Patel S. Essential requirement for two-pore channel
1 in NAADP-mediated calcium signaling. J Cell Biol 2009;186:201—-209.

Patel S. Function and dysfunction of two-pore channels. Sci Signal 2015;8:re7.

Wang X, Zhang X, Dong XP, Samie M, Li X, Cheng X, Goschka A, Shen D, Zhou Y,
Harlow J, Zhu MX, Clapham DE, Ren D, Xu H. TPC proteins are phosphoinositide-
activated sodium-selective ion channels in endosomes and lysosomes. Cell 2012;151:
372-383.

Marchant JS, Patel S. Questioning regulation of two-pore channels by NAADP.
Messenger (Los Angel) 2013;2:113-119.

Bak ], Billington RA, Timar G, Dutton AC, Genazzani AA. NAADP receptors are
present and functional in the heart. Curr Biol 2001;11:987-990.

Nebel M, Schwoerer AP, Warszta D, Siebrands CC, Limbrock AC, Swarbrick JM,
Fliegert R, Weber K, Bruhn S, Hohenegger M, Geisler A, Herich L, Schlegel S,
Carrier L, Eschenhagen T, Potter BV, Ehmke H, Guse AH. Nicotinic acid adenine
dinucleotide phosphate (NAADP)-mediated calcium signaling and arrhythmias in the
heart evoked by beta-adrenergic stimulation. | Biol Chem 2013;288:16017—-16030.
Lin-Moshier Y, Walseth TF, Churamani D, Davidson SM, Slama JT, Hooper R, Brailoiu E,
Patel S, Marchant JS. Photoaffinity labeling of nicotinic acid adenine dinucleotide phos-
phate (NAADP) targets in mammalian cells. | Biol Chem 2012;287:2296—-2307.
Hooper R, Churamani D, Davidson SM, Lin-Moshier Y, Walseth TF, Patel S,
Marchant JS. TPC1 knockout knocks out TPC1. Mol Cell Biol 2015;35:1882—1883.
Davidson SM, Hausenloy D, Duchen MR, Yellon DM. Signalling via the reperfusion in-
jury signalling kinase (RISK) pathway links closure of the mitochondrial permeability
transition pore to cardioprotection. Int | Biochem Cell Biol 2006;38:414—-419.
Hausenloy DJ, Tsang A, Mocanu MM, Yellon DM. Ischemic preconditioning protects by
activating prosurvival kinases at reperfusion. Am J Physiol Heart Circ Physiol 2005;288:
H971-H976.

Zorov DB, Filburn CR, Klotz LO, Zweier JL, Sollott S). Reactive oxygen species
(ROS)-induced ROS release: a new phenomenon accompanying induction of the mito-
chondrial permeability transition in cardiac myocytes. | Exp Med 2000;192:1001-1014.
Jacobson ], Duchen MR. Mitochondrial oxidative stress and cell death in astrocytes—
requirement for stored Ca>* and sustained opening of the permeability transition pore.
J Cell Sci 2002;115:1175-1188.

Patel S, Docampo R. Acidic calcium stores open for business: expanding the potential
for intracellular Ca** signaling. Trends Cell Biol 2010;20:277—286.

Trollinger DR, Cascio WE, Lemasters JJ. Mitochondrial calcium transients in adult rab-
bit cardiac myocytes: inhibition by ruthenium red and artifacts caused by lysosomal
loading of Ca(“)—indicating fluorophores. Biophys | 2000;79:39-50.

Bowman EJ, Siebers A, Altendorf K. Bafilomycins: a class of inhibitors of membrane AT-
Pases from microorganisms, animal cells, and plant cells. Proc Natl Acad Sci USA 1988;85:
7972-7976.

9T0Z ‘2T Arenuer uo 1sanb Aq woly papeojumog


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv226/-/DC1

366

S.M. Davidson et al.

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

Ruiz-Meana M, Abellan A, Miro-Casas E, Agullo E, Garcia-Dorado D. Role of sarcoplas-
mic reticulum in mitochondrial permeability transition and cardiomyocyte death during
reperfusion. Am | Physiol Heart Circ Physiol 2009;297:H1281-H1289.

Cheng H, Lederer W/, Cannell MB. Calcium sparks: elementary events underlying
excitation-contraction coupling in heart muscle. Science 1993;262:740—744.

Graeff RM, Lee HC. An improved enzymatic cycling assay for NAADP. Messenger 2013;
2:96—105.

Hausenloy DJ, Duchen MR, Yellon DM. Inhibiting mitochondrial permeability transition
pore opening at reperfusion protects against ischaemia-reperfusion injury. Cardiovasc
Res 2003;60:617—625.

Duchen MR. Mitochondria and Ca(*")in cell physiology and pathophysiology. Cell
Calcium 2000;28:339-348.

Patel S, Marchant JS, Brailoiu E. Two-pore channels: regulation by NAADP and custo-
mized roles in triggering calcium signals. Cell Calcium 2010;47:480—490.

Hooper R, Patel S. NAADP on target. Adv Exp Med Biol 2012;740:325—-347.

Penny CJ, Kilpatrick BS, Eden ER, Patel S. Coupling acidic organelles with the ER
through Ca microdomains at membrane contact sites. Cell Calcium 2015;58:387—-396.
Marx SO, Marks AR. Dysfunctional ryanodine receptors in the heart: new insights into
complex cardiovascular diseases. | Mol Cell Cardiol 2013;58:225-231.

Schafer C, Ladilov Y, Inserte ], Schafer M, Haffner S, Garcia-Dorado D, Piper HM. Role
of the reverse mode of the Na*/Ca?* exchanger in reoxygenation-induced cardiomyo-
cyte injury. Cardiovasc Res 2001;51:241-250.

Inserte J, Garcia-Dorado D, Ruiz-Meana M, Padilla F, Barrabes JA, Pina P, Agullo L,
Piper HM, Soler-Soler J. Effect of inhibition of Na(+)/Ca(2+) exchanger at the time
of myocardial reperfusion on hypercontracture and cell death. Cardiovasc Res 2002;
55:739-748.

53.

54.

55.

56.

57.

58.

59.

Baines CP. The mitochondrial permeability transition pore as a target of cardioprotec-
tive signaling. Am J Physiol Heart Circ Physiol 2007;293:H903—-H904.

Townsend PA, Davidson SM, Clarke SJ, Khaliulin I, Carroll CJ, Scarabelli TM, Knight RA,
Stephanou A, Latchman DS, Halestrap AP. Urocortin prevents mitochondrial perme-
ability transition in response to reperfusion injury indirectly by reducing oxidative
stress. Am | Physiol Heart Circ Physiol 2007;293:H928—-H938.

Cang C, Zhou Y, Navarro B, Seo Y|, Aranda K, Shi L, Battaglia-Hsu S, Nissim |,
Clapham DE, Ren D. mTOR regulates lysosomal ATP-sensitive two-pore Na(+) chan-
nels to adapt to metabolic state. Cell 2013;152:778-790.

Jha A, Ahuja M, Patel S, Brailoiu E, Muallem S. Convergent regulation of the lysosomal
two-pore channel-2 by Mg?*, NAADP, PI(3,5)P, and multiple protein kinases. EMBO |
2014;33:501-511.

Rahman T, Cai X, Brailoiu GC, Abood ME, Brailoiu E, Patel S. Two-pore channels pro-
vide insight into the evolution of voltage-gated Ca>" and Na™ channels. Sci Signal 2014;
7:ra109.

Grimm C, Holdt LM, Chen CC, Hassan S, Muller C, Jors S, Cuny H, Kissing S,
Schroder B, Butz E, Northoff B, Castonguay J, Luber CA, Moser M, Spahn S,
Lullmann-Rauch R, Fendel C, Klugbauer N, Griesbeck O, Haas A, Mann M,
Bracher F, Teupser D, Saftig P, Biel M, Wahl-Schott C. High susceptibility
to fatty liver disease in two-pore channel 2-deficient mice. Nat Commun 2014;5:
4699.

Ruas M, Davis LC, Chen CC, Morgan A, Chuang KT, Walseth TF, Grimm C,
Garnham C, Powell T, Platt N, Platt FM, Biel M, Wahl-Schott C, Parrington |,
Galione A. Expression of Ca**-permeable two-pore channels rescues NAADP signal-
ling in TPC-deficient cells. EMBO | 2015;34:1743—-1758.

9T0Z ‘2T Arenuer uo 1sanb Aq woly papeojumog




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


