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1 | INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) accumulates in the
heart during cardiac ischemia (Du et al., 2017; Shimizu et
al., 2002; Sonobe, Akiyama, Du, Zhan, & Shirai, 2013). The
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Abstract

Serotonin (5-HT) accumulates in the heart during myocardial ischemia and in-
duces deleterious effects on the cardiomyocytes through receptor-dependent and
monoamine oxidase-dependent pathways. We aimed to clarify the involvement of
extra-neuronal monoamine transporters in the clearance of 5-HT during ischemia
and reperfusion in the heart. Using a microdialysis technique in the anesthetized
Wistar rat heart, we monitored myocardial interstitial 5-HT and 5-hydroxyindole
acetic acid (5-HIAA) concentration by means of electro-chemical detection coupled
with high-performance liquid chromatography (HPLC-ECD). Effects of inhibitors
of the plasma membrane monoamine transporter (PMAT) and the organic cation
transporter 3 (OCT3) (decynium-22 and corticosterone) on the 5-HT and 5-HIAA
concentrations during baseline, coronary occlusion, and reperfusion were investi-
gated. Basal dialysate 5-HT concentration were increased by local administration of
decynium-22, but not by corticosterone. Addition of fluoxetine, a serotonin trans-
porter (SERT) inhibitor further increased the 5-HT concentration upon during ad-
ministration of decynium-22. Decynium-22 elevated the background level of 5-HT
during coronary occlusion and maintained 5-HT concentration at a high level during
reperfusion. Production of 5-HIAA in the early reperfusion was significantly sup-
pressed by decynium-22. These results indicate that PMAT and SERT independently
regulate basal level of interstitial 5-HT, and PMAT plays a more important role in the
clearance of 5-HT during reperfusion. These data suggest the involvement of PMAT

in the monoamine oxidase-dependent deleterious pathway in the heart.
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increased myocardial interstitial level of 5-HT directly in-
duces myocardial cell injury through 5-HT receptor-depen-
dent coronary vasoconstriction (Golino et al., 1989; Métais,
Bianchi, Li, Simons, & Sellke, 2001), platelet aggregation
(Willerson, Golino, Eidt, Campbell, & Buja, 1989), and
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overactivation of afferent cardiac sympathetic nerves (Fu
& Longhurst, 2002; Longhurst, Tjen-A-Looi, & Fu, 2001).
Meanwhile, it has been considered that the accumulated in-
terstitial 5-HT is taken up into cells via serotonin transporter
(SERT) and then metabolized by monoamine oxidase (MAQO)
to produce 5-hydroxyindole acetic acid (5-HIAA) and hydro-
gen peroxide (Pizzinat, Copin, Vindis, Parini, & Cambon,
1999), which causes myocardial cell injury (Bianchi et al.,
2005; Kaludercic, Carpi, Menabo, Di Lisa, & Paolocci,
2011). In order to develop novel therapeutic strategies to pre-
vent the 5S-HT-dependent cardiac injury, it is important to un-
derstand the mechanism by which 5-HT is transported within
the cardiac tissues during ischemia and reperfusion.

In our previous study using in vivo cardiac microdialysis
technique in anesthetized rabbits (Sonobe et al., 2013) and
rats (Du et al., 2017), we observed that local administration
of SERT inhibitor fluoxetine had no effect on the clearance
of accumulated 5-HT in the heart. This data implied the con-
tribution of fluoxetine-resistant 5-HT transporters, such as
extra-neuronal monoamine transporters (Furihata & Anzai,
2017), to remove 5-HT from the interstitial space. Therefore,
to clarify the contribution of 5-HT transporters, which reg-
ulate 5-HT level in the myocardial interstitium other than
SERT, we examined effects of local administration of an in-
hibitor of plasma membrane monoamine transporter (PMAT)
and/or organic cation transporter 3 (OCT3) on the basal level
of interstitial 5-HT in the in vivo heart. Furthermore, the
effect of PMAT/OCT3 inhibition on the 5-HT and 5-HIAA
kinetics was investigated during coronary occlusion and
reperfusion.

2 | MATERIALS AND METHODS

2.1 | Animal preparation

Animal experiments were conducted in accordance with the
Guiding Principles for the Care and Use of Animals in the
Field of Physiological Sciences (Physiological Society of
Japan), and approved by the Institutional Animal Care and
Use Committee of National Cerebral and Cardiovascular
Center Research Institute (No.17014 and 18017).

A total of 17 male Wistar rats (purchased from Japan
SLC) weighing 466 + 10 g (24 + 1 week-old) were used in
this study. The rats were anesthetized by pentobarbital so-
dium (60 mg/kg, i.p.) supplemented with an analgesic agent
(butorphanol, 0.25 mg/kg, i.p.). The rats were then quickly
intubated and mechanically ventilated with room air mixed
with oxygen. The animal's body temperature was maintained
at around 37°C using a heating pad and a lamp. A PE-50
tubing was cannulated into the right jugular vein for contin-
uous infusion of pentobarbital (20 mg kg h™) and butor-
phanol (0.1 mg kg h™") and a similar tubing was inserted
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FIGURE 1
A dialysis probe was implanted transversely into the lateral wall of

the left ventricle. Interstitial 5-HT and 5-HIAA diffuse into perfusate
across the dialysis membrane, and pharmaceutical agents diffuse into

Schematic illustration of the cardiac microdialysis.

the interstitial space according to the concentration gradient. Dialysate
from the myocardial interstitium was sampled and then analyzed using
HPLC-ECD. A silk suture was passed around the coronary artery and
occluded as necessary

into the right carotid artery for monitoring arterial pressure.
Arterial blood pressure and electrocardiogram were moni-
tored via a signal transducer and the signals were digitized
by using an A/D data acquisition system (Power Lab 16/35,
AD Instruments, Inc.). Heart rate was determined by peak de-
tection of the electrocardiogram on LabChart8 software (AD
Instruments, Inc.).

2.2 | Cardiac microdialysis technique

Details of the cardiac microdialysis technique have been
described previously (Akiyama, Yamazaki, & Ninomiya,
1991; Sonobe, Akiyama, Du, Zhan, & Shirai, 2014).
Briefly, with the rat in a lateral position, left thoracotomy
was performed and a dialysis probe was implanted trans-
versely into the lateral wall of the left ventricle (Figure 1).
A 4-0ssilk suture was passed around the left coronary artery
for coronary occlusion in the protocol of ischemia-reperfu-
sion. The implanted microdialysis probe was continuously
perfused with Ringer's solution or Ringer's solution con-
taining pharmacological agent at a rate of 2 pl/min using
a microinjection pump (CMA/100, Carnegie Medicine).
Sampling time of dialysate was 7.5 or 15 min yielding 15
or 30 ul of dialysate, respectively. The first dialysate sam-
pling was started from at least 2 hr after the probe implan-
tation. Serotonin concentration in the dialysate sample was
measured by electro-chemical detection coupled with high
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performance liquid chromatography (HPLC-ECD, Eicom)
as described previously (Du et al., 2017, 2014; Sonobe et
al., 2013).

2.3 | Experimental protocols
The time course of the experiments and dialysate sampling
time points are shown in Figure 2.

2.3.1 | Protocol 1

Effect of local inhibition of OCT3 and/or PMAT on the basal
concentration of myocardial interstitial 5-HT was investigated
in three rats. In this protocol, three rats were used, and two
dialysis probes were implanted in the heart with at least 5 mm
of distance in between them. After the baseline dialysate sam-
pling, the one probe was perfused with Ringer's solution con-
taining decynium-22, a PMAT/OCT3 inhibitor (Duan et al.,
2015; Feng et al., 2005; Schomig, Babin-Ebell, & Russ, 1993;
Wang, 2016). During the last 10 min into 60-min of the perfu-
sion, dialysate sample was collected for 5-HT measurement.
Three different concentrations of decynium-22 (1, 10, and

Protocol 1. (n = 3)
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100 uM) were tested continuously, and 100 pM decynium-22
mixed with 1 mM fluoxetine (SERT inhibitor) perfused dur-
ing the fourth 60-min. At the same time, the other probe was
perfused with Ringer's solution containing corticosterone (10,
100 uM, and 1 mM), an inhibitor of OCT3 (Engel & Wang,
2005; Hayer-Zillgen, Briiss, & Bonisch, 2002). Time course
of dialysate sampling was similar to that for decynium-22.

2.3.2 | Protocol 2

Contribution of OCT3/PMAT to interstitial 5-HT clearance
during myocardial ischemia and reperfusion was investi-
gated. In seven rats (control group, n = 7), the coronary artery
was occluded for 30 min and then re-perfused for 60 min.
The baseline dialysate was sampled before the coronary oc-
clusion, and continuously sampled during the coronary oc-
clusion and reperfusion (Figure 2).

2.3.3 | Protocol 3

In additional rats (decynium-22 group, n = 7), the perfu-
sate was switched from Ringer's solution to 100 uM of

Decynium-22 - 1uM 10 uM 100 uM 100 uM
Probe 1
Fluoxetine - - - - 1mM
Corticosterone - 10 uM 100 uM 1 mM 1 mM
Probe 2
Fluoxetine - - - - 1mM
Probe 1 1
implantation — — — — —
T //// T T T T T
-150 -30 0 30 60/0 30 60/0 30 60/0 30 60 (min)
Protocol 2. (n=7
( ) | Coronary occlusion | Reperfusion
| // Ringer’s solution
Protocol 3. (n=7
( ) | Coronary occlusion | Reperfusion
| Ringer’s solution I // 100 pM Decynium-22
.P robe : [ I [ | | | | | I | I ]
implantation Y

T 7/ T }/// T T T T T T T T T
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FIGURE 2 Time course of the experimental protocols. Protocol 1) The implanted probe was perfused with Ringer's solution containing

various concentrations of decynium-22 or corticosterone. Fluoxetine was co-administered with the highest concentration of decynium-22 or

corticosterone. An aliquot of dialysate was sampled at baseline and 45-60 min into each perfusion period for 15 min. Protocol 2 and 3) Aliquots of

dialysate were sampled before, during, and after the coronary occlusion as shown in the timeline. In the protocol 3, the perfusate was changed to the

solution containing 100 uM decynium-22 at 60 min before the baseline sampling
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decynium-22 solution at one hour before the baseline di-
alysate sampling, allowing local administration of decy-
nium-22 into the myocardium during coronary occlusion.
The concentration and stabilization time for perfusing de-
cynium-22 was chosen based on results from our prelimi-
nary experiments and the experiments in protocol 1. Time
course of dialysate sampling during 30 min of coronary oc-
clusion and 60 min of reperfusion was the same as in the
control group of animals.

2.4 | Drugs

Decynium-22 was purchased from Tocris Bioscience, corti-
costerone was purchased from Sigma-Aldrich, and fluoxetine
was purchased from FUJIFILM Wako Pure Chemical. Stock
solution of decynium-22 and corticosterone was prepared in
DMSO at concentration of 1 mM and 10 mM, respectively.
Stock solution of 10 mM fluoxetine was prepared in distilled
water. These stock solutions were stored at —30°C and were
diluted in Ringer's solution freshly before the experiments.

2.5 | Statistical analysis

All statistical analyses were conducted with GraphPad Prism 5
(GraphPad Software). All results were presented as means + SE,
unless otherwise stated. Time course changes in dialysate
5-HT and 5-HIAA concentration were compared by one-way

repeated measures ANOVA followed by a Bonferroni's test.
Differences between the groups were compared by two-way
repeated measures ANOVA followed by a Bonferroni's test.
Differences were considered significant at p < .05.

3 | RESULTS
3.1 | Time course of heart rate and mean
arterial blood pressure

Heart rate and mean arterial blood pressure in animals dur-
ing the experiments are shown in Table 1. Baseline heart
rate and mean arterial blood pressure were similar among
the groups. In the protocol 1, local administration of decy-
nium-22 or corticosterone had no systemic effects on the
time course changes in heart rate and mean arterial pres-
sure, indicating that both the administered decynium-22
and corticosterone locally affected the myocardium around
the implanted dialysis probe. In the protocol 2, about 85%
of animals presented moderate to severe ventricular tachy-
cardia or ventricular fibrillation at 7-10 min into the coro-
nary occlusion. In a few cases, mean arterial blood pressure
dropped to less than 30 mmHg, and direct cardiac compres-
sion was required. Local administration of decynium-22
did not affect the occurrence of such ventricular tachycar-
dia or ventricular fibrillation and the time course changes
in heart rate and mean arterial blood pressure throughout
the experiments.

TABLE 1 Time course of heart rate and mean arterial blood pressure
Protocol 1. Baseline 1st 45-60 min 2nd 45-60 min 3rd 45-60 min 4th 45-60 min
HR (bpm) 364 + 27 375+23 374 + 20 372 + 26 382 +24
MABP (mmHg) 91+9 89 +7 83+6 82+4 91 + 10
Ischemia Reperfusion
0- 7.5- 15.0- 22.5- 0- 7.5- 15— 30- 45—
Protocol 2. Baseline 7.5min 15.0 min  22.5 min 30.0 min 7.5 min 150 min 30 min 45 min 60 min
HR (bpm) 359+8 359+8 362+9 379 + 8 380+9 377+ 6 376 + 6 378+5 379+5 375+7
MABP (mmHg) 88 +5 68 £ 1* 73 £ 5% 87+5 84 +5 70 + 2% 71+£2%  76+3 77+3 75 + 3*
Ischemia Reperfusion
0- 7.5- 15.0- 22.5- 0- 7.5- 15- 30- 45—
Protocol 3. Baseline 7.5min  15.0 min  22.5 min 30.0 min 7.5 min 150 min 30 min 45 min 60 min
HR (bpm) 367+4 364+6 370+11 3865 380+5 384+5 385+5 380+4 379+4 373+ 4
MABP (mmHg) 86 +5 68 £ 5% T2+ T7* 76 + 5 73 + 5% 65 £2* 68 & 3* 70 £ 4% 71 £ 3* 70 + 3%

Note: Values are shown in mean + SE. In the protocol 1 (n = 3, see Figure 1), HR and MABP were stable throughout the experiment. In the protocol 2 (n = 7) and 3
(n =17), there were significant changes in MABP (p < .05 vs. Baseline) caused by myocardial ischemia-reperfusion; however, there were no significant differences

between the protocol 2 and 3 at any corresponding time points.

*p < .05, versus Baseline. One-way repeated ANOVA followed by Bonferroni's post-test.
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3.2 | Effect of decynium-22 and
corticosterone on the basal 5-HT and 5-HIAA
concentration in the heart

Baseline concentration of dialysate 5-HT and 5-HIAA
was 0.7 = 0.2 nM and 5.5 + 0.9 nM in dialysate from the
probe perfused with decynium-22, respectively (Figure 3a).
Local administration of 100 uM decynium-22 significantly
increased dialysate 5-HT concentration (5.0 + 1.1 nM,
p < .05 vs. baseline) but decreased dialysate 5-HIAA con-
centration (3.2 + 0.4 nM, p < .05 vs. baseline). Lower con-
centration of decynium-22 (1 and 10 uM) did not change
the baseline 5-HT concentration, while 5-HIAA concentra-
tion started to decrease with 10 uM decynium-22 (p < .05).
Co-administration of 100 uM decynium-22 and 1 mM
fluoxetine further increased dialysate 5-HT concentration
compared to that in decynium-22 alone (10.2 + 1.2 nM,
p < .05 vs. baseline, and vs. 100 uM decynium-22 alone),
however, there was no additional effect on dialysate
5-HIAA concentration.

Baseline 5-HT and 5-HIAA concentrations in dialysate
from the probe perfused with corticosterone were similar
to that in decynium-22 group (0.6 + 0.2 and 4.9 + 0.9 nM,
respectively) (Figure 3b). In contrast with the effect of de-
cynium-22 on the 5-HT concentration, local administration
of corticosterone did not change basal level of 5-HT (Figure
3b). Significant increase in 5-HT concentration was found
only when fluoxetine was co-administered (3.7 + 0.2 nM,
p < .05 vs. baseline, and vs. I mM corticosterone alone).
Dialysate 5-HIAA concentration decreased and indicated
a significant difference in the condition of 1 mM corticos-
terone (2.7 + 0.1 nM, p < .05 vs. baseline). The dialysate
5-HIAA concentration returned to baseline level after the
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administration of 1 mM corticosterone and 1 mM fluoxetine,
and it was significantly high compared to the level at 1 mM
corticosterone alone (4.7 = 0.3 nM, p < .05 vs. 1 mM corti-
costerone alone).

3.3 | Effect of decynium-22 on

5-HT and 5-HIAA concentrations during
coronary occlusion

3.3.1 | Control group

Dialysate 5-HT concentration at baseline was 0.9 + 0.2 nM.
Similar to our previous finding, coronary occlusion in-
creased dialysate 5-HT concentration (Figure 4). The 5-HT
concentration started to increase at 7.5—15 min (p < .05 vs.
baseline) and reached 10.8 + 1.9 nM at 22.5-30 min into
the coronary occlusion (p < .05 vs. baseline). Meanwhile,
dialysate 5-HIAA concentration was maintained at base-

line level (4.0 + 0.7 nM) during the 30 min of coronary
occlusion.

3.3.2 | Decynium-22 group

Baseline concentration of 5-HT was significantly elevated as
we demonstrated above (9.1 + 1.2 nM, p < .05 vs. control)
due to the local administration of 100 uM decynium-22. The
5-HT concentration started to increase at 7.5—15 min (p < .05
vs. baseline) and then reached 20.1 + 1.2 nM at 22.5-30 min
into the coronary occlusion (p < .05 vs. baseline). Dialysate
concentration of 5-HIAA did not change during the coronary
occlusion.
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FIGURE 3 Effects of local administration of decynium-22 or corticosterone on the baseline dialysate 5-HT concentration (n = 3).

Decynium-22 significantly increased 5-HT concentration at 100 uM (a), meanwhile corticosterone had no effect on 5-HT concentration (b).

Addition of fluoxetine in the perfusate further increased the 5-HT concentration in both decynium-22 and corticosterone treatment (a and b). Data
are shown in individual data points and mean + SE. *p < .05, versus baseline (—/—). One-way repeated ANOVA followed by Bonferroni's post-
test. #p < .05, versus (100 uM decynium-22 or 1 mM corticosterone alone). One-way repeated ANOVA followed by Bonferroni's post-test
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FIGURE 4 Effect of decynium-22 on dialysate 5-HT and 5-HIAA concentration during coronary occlusion and reperfusion. In control group

(n="17), 5-HT increased during coronary occlusion and then immediately decreased after reperfusion, while 5-HIAA kept the baseline level during

coronary occlusion and abruptly increased after reperfusion. In decynium-22 group (n = 7), background level of 5-HT rose at baseline and during

coronary occlusion and did not return to the baseline level after reperfusion. At baseline and during coronary occlusion 5-HIAA level was not

affected by decynium-22, however, the increase in 5-HIAA in the early reperfusion was significantly suppressed. Data are presented as box-whisker

plots. The horizontal line in the box indicates the median, and the dot in the box indicates the mean. #p < .05, versus Control. Two-way repeated

ANOVA followed by Bonferroni's post-test

The dialysate 5-HT concentration was significantly higher
than that in the control group at all time points during the
coronary occlusion (p < .05), meanwhile there was no sig-
nificant difference in the dialysate 5-HIAA concentration be-
tween the control and the decynium-22 group.

3.4 | Effect of decynium-22 on the 5-HT and
S5-HIAA concentration during reperfusion
3.4.1 | Control group

Dialysate 5-HT concentration reached a peak within the
first sampling of the reperfusion period (11.4 + 1.7 nM at
0-7.5 min reperfusion, p < .05 vs. baseline). Thereafter, the
dialysate 5-HT concentration largely decreased and returned
to baseline level at 15-30 min into the reperfusion period,
and it remained lower up until 60 min of the reperfusion
period. Dialysate 5-HIAA concentration abruptly increased
when the reperfusion was initiated (p < .05). The dialysate
5-HIAA concentration reached a peak within 7.5—15 min into
reperfusion (16.0 + 1.8 nM, p < .05 vs. baseline), and was
maintained at a higher level during rest of the reperfusion
period (Figure 4).

3.4.2 | Decynium-22 group

The peak of dialysate 5-HT concentration was found at
7.5-15 min into the reperfusion (25.7 + 2.3 nM, p < .05

vs. baseline). In contrast to 5-HT kinetics in the control
group, dialysate 5-HT concentration was kept at a higher
level (p < .05 vs. control), and did not return to baseline
level, at least by 60 min of reperfusion. Dialysate 5-HIAA
concentration gradually increased and indicated a signifi-
cantly higher value after 15 min of reperfusion (p < .05 vs.
baseline).

The 5-HT and 5-HIAA Kkinetics were dramatically differ-
ent during the reperfusion period between the groups. The
5-HT concentration was elevated in the decynium-22 group
at the all timepoints (p < .05 vs. control) while the 5-HIAA
concentration was significantly lower in the decynium-22
group during the early phase of the reperfusion (p < .05 vs.
control, 0—30 min of reperfusion).

4 | DISCUSSION

Inhibition of extra-neuronal monoamine transporters by
decynium-22 but not by corticosterone increased inter-
stitial 5-HT concentration in the heart in vivo. This ef-
fect was independent from fluoxetine-sensitive increase
in 5-HT. During myocardial ischemia, administration of
decynium-22 did not change the kinetics of 5-HT accu-
mulation although the concentration was above the nor-
mal level during coronary occlusion. In contrast, 5-HT
clearance during reperfusion was largely decreased in the
presence of decynium-22. Moreover time course changes
in 5-HIAA concentration indicated that 5-HIAA produc-
tion, that is, 5-HT metabolism, was depressed in the early
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phase of reperfusion by decynium-22. These data suggest
that PMAT plays an important role in the MAO-dependent
pathway leading to cellular damage in the heart during my-
ocardial ischemia-reperfusion.

4.1 | Regulation of basal level of interstitial
5-HT and 5-HIAA

Myocardial interstitial 5-HT concentration increased dur-
ing local administration of decynium-22, which is known
to inhibit not only PMAT but also OCTs (Duan et al., 2015;
Feng et al., 2005; Schomig et al., 1993; Wang, 2016), and
then stabilized about at 60 min into the administration.
This increase in 5-HT was not observed during administra-
tion of corticosterone, which inhibits OCT3 more selec-
tively (Duan et al., 2015; Wang, 2016). Although it has
been reported that both PMAT and OCT3 take up 5-HT
into cells, for example vascular smooth muscle cells from
the human brain (Li et al., 2013), OCT3 is less likely to
contribute to the maintenance of the basal level of 5-HT
in the heart compared to PMAT. The expression of PMAT
has been observed in the cardiomyocytes from rats and
mice (Barnes et al., 2006; Gergs et al., 2017), however,
OCT3 expression is relatively weak in the cardiomyocytes
(Gergs et al., 2017; Grube et al., 2011; Solbach, Grube,
Fromm, & Zolk, 2011). These previous studies support
our viewpoint of basal regulation of interstitial 5-HT via
PMAT in the heart.

Additional administration of fluoxetine mixed with de-
cynium-22 or corticosterone induced further increase in
the interstitial 5-HT concentration regardless of the level
of 5-HT before the fluoxetine administration. In keep-
ing with similar findings in the brain (Hagan, Schenk, &
Neumaier, 2011; Horton et al., 2013), our results suggest
that low-affinity and high-capacity PMAT (Engel, Zhou, &
Wang, 2004) and high-affinity and low-capacity SERT in-
dependently but synergistically modulate the basal level of
interstitial 5-HT in the heart. Although SERT found in the
bovine heart (Mortensen, Kristensen, Rudnick, & Wiborg,
1999) and fetal heart (Sari & Zhou, 2003) has been re-
ported, there is no strong evidence of SERT expression in
the heart. A major source of 5-HT uptake via SERT might
be platelets, which has been well established to express
SERT (Lesch, Wolozin, Murphy, & Reiderer, 1993) more
so than cardiomyocytes.

Meanwhile, 5S-HIAA level was not changed by the addition
of fluoxetine in the presence of decynium-22 but increased
in the presence of corticosterone, indicating that 5-HT up-
take followed by 5-HIAA production were not inhibited by
corticosterone. This data also supports our view that PMAT,
rather than OCT3 is involved in regulation of the basal 5-HT
turnover in the heart.
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4.2 | Contribution of PMAT to 5-HT uptake
during ischemia

Throughout the ischemic period, we observed that dialysate
5-HT concentration was about two times higher in the con-
dition of decynium-22 compared to the control condition,
but the quantity of 5-HT increase from the baseline (delta
increase in 5-HT) was quite similar to that in the control
group. Uptake of 5-HT via PMAT or OCTs has been known
as uptake-2, which is non-energy dependent mechanism to
transport monoamines according to a concentration gradient
(Dahlin, Xia, Kong, Hevner, & Wang, 2007; Gergs et al.,
2017), therefore it had been thought that 5-HT uptake via up-
take-2 was not affected by the ischemia. However, our results
indicate that the inhibition of PMAT/OCT3 did not change
the rate of accumulation of 5-HT during ischemia and sug-
gests that PMAT/OCT3 was not contributing to the clearance
of 5-HT during ischemia. It remains unclear why the uptake
via PMAT was limited during this period even though the
driving force to produce 5-HT influx, that is, the interstitial
5-HT concentration, increased due to the ischemia.

In spite of the elevated 5-HT level in the presence of de-
cynium-22, 5-HIAA production during the ischemic period
was similar to that in the control condition. This indicates that
5-HT turnover was already depressed by pre-administration
of decynium-22 before initiating the coronary occlusion.

43 | Contribution of PMAT to 5-HT uptake
during reperfusion

After the initiation of reperfusion, accumulated 5-HT did not
return to the baseline level following inhibition of PMAT, in
contrast to the immediate decrease in the control condition.
This effect of PMAT inhibition was also confirmed by the
suppression of 5-HIAA production in the first 30 min of rep-
erfusion. Furthermore, estimated 5-HT turnover rate during
reperfusion indicated that turnover of the accumulated 5-HT
was dramatically suppressed by the inhibition of PMAT. This
effect was not observed by inhibition of SERT (Du et al.,
2017), moreover it was similar to the effect of MAO inhibi-
tion by pargyline as we reported previously (Du et al., 2017).
We have also demonstrated MAO-dependent production of
hydroxyl radical in the heart during ischemia and reperfusion
(Inagaki et al., 2016). These findings suggest that PMAT is in-
volved in the MAO-dependent deleterious effects in the reper-
fusion-induced cellular injury (Bianchi et al., 2005; Kaludercic
etal., 2011).

The previous studies on non-cardiomyocytes might support
the view of the contribution of PMAT during the early reper-
fusion. It has been reported that SERT-dependent 5-HT uptake
decreases with increasing extracellular 5-HT concentration in
synaptosomes (Hagan et al., 2011), and SERT-independent
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5-HT uptake seemed to be predominant when the extracellular
5-HT concentration increased (Hagan et al., 2011). A similar
mechanism has also been suggested in platelets as increasing
extracellular 5-HT level might decrease SERT density on the
plasma membrane (Brenner et al., 2007). These findings sug-
gest that if 5-HT accumulates in the interstitial space more than
the capacity level of SERT due to the ischemia, reuptake of
5-HT via SERT slows down, and instead, 5-HT transport via
PMAT becomes predominant in the clearance of 5-HT.

4.4 | Limitations

We used decynium-22 (100 uM highest dose) to inhibit
fluoxetine-resistant 5-HT transporters. This compound has
been reported to inhibit PMAT and OCT3 with equal po-
tency (Ki; 0.1 mM; Engel & Wang, 2005; Hayer-Zillgen et
al., 2002; Wang, 2016). We also used corticosterone (1 mM
highest dose), which has been reported to be more selec-
tive toward OCTs with IC50 values in 0.29-34 mM for
human OCT1-3 (Hayer-Zillgen et al., 2002), to differenti-
ate the contribution of PMAT and OCTs on 5-HT transport.
Although our finding suggested that PMAT was plausibly
involved in the 5-HT transport in the heart, selective and
reliable PMAT inhibitors (Duan et al., 2015) are required
for further study. In addition, the highest concentration of
decynium-22, corticosterone, and fluoxetine might have
non-specific side effects on the cardiac cells. Microdialysis
technique allows us to administer pharmacological agents
through the dialysis membrane according to a concentra-
tion gradient. It requires typically 100 times higher drug
concentration compared to direct administration in phar-
macological studies using in vitro perfused organ or tis-
sue, to affect cells near by the implanted dialysis probe.
For instance, a similar concentration of inhibitor was used

in a previously published microdialysis study. Feng et al.
(2005) used microdialysis technique in rat brain and ad-
ministered 10 ~ 100 pM of decynium-22. They reported
behavioral changes due to increased level of 5-HT only
when 100 uM decynium-22 was administered. Therefore,
we considered that high concentration of inhibitors, such
as 100 uM of decysnium-22 was necessary to inhibit 5-HT
transporters when it was administered through the dialysis
membrane.

The cardiac microdialysis technique allows administering
pharmacological agents during ischemia and reperfusion lo-
cally in the heart without major effect on global cardiac func-
tion or outcome of ischemia reperfusion injury. It is possible
that systemic (e.g., intravenous) administration of decynium-22
alters the outcome of ischemia reperfusion injury; however,
serious side effects may also present through the increase in
global 5-HT level leading to activation of 5-HT receptor-depen-
dent deleterious effects. Since our findings do not directly con-
nect inhibition of 5-HT uptake with prevention of myocardial
infarction yet, further studies are required to establish a thera-
peutic approach through 5-HT regulation in the heart.

5 | SUMMARY
Based on these evidences discussed above, a putative mecha-
nism of 5-HT uptake into cells, and production of 5-HIAA is
summarized in Figure 5. During cardiac ischemia, 5-HT ac-
cumulated in the ischemic region. In this period, 5-HT uptake
into cardiomyocytes via PMAT is somehow limited and ac-
tivity of oxygen-dependent 5-HT degradation is suppressed,
thus 5-HIAA production decreased. However once blood/
oxygen supply is re-initiated by reperfusion, the accumulated
5-HT is rapidly removed by uptake via high-capacity PMAT.
The 5-HT taken into the cardiomyocytes is then degraded

. N . N [~ . N
Baseline Ischemia Reperfusion
5HT O O 0O e)
O 5-HT 5-HT
y O oo O O O
PMAT Interstitial space ¢ |\ 5 Xe) g O / o
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FIGURE 5 Putative pathway involving in the 5-HT metabolism during ischemia and reperfusion in the heart. In a baseline condition (left),

PMAT takes up 5-HT into cells including cardiomyocytes, endothelial cells, and fibroblast cells to maintain background level of interstitial 5-HT

lower. During ischemia (middle), PMAT keeps the 5-HT uptake rate while interstitial 5-HT increases. In spite of the increase in intracellular 5-HT,

interstitial 5-HIAA does not change due to reduced 5-HT degradation in the cells. During reperfusion (right), high-capacity transporter PMAT

contributes to the clearance of the increased interstitial 5-HT, meanwhile reoxygenation may accelerate 5-HT degradation, therefore, intracellular

5-HT is metabolized to 5-HIAA
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into 5-HIAA and hydrogen peroxide, which induces cellular
damage.

In conclusion, extra-neuronal monoamine transporter
PMAT and SERT independently contribute to regulate the
basal concentration of interstitial 5-HT in the heart in normal
conditions. Meanwhile, PMAT plays a more important role
in 5-HT clearance followed by 5-HT degradation in the cells
during myocardial ischemia-reperfusion.
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