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Transporter-dependent uptake 
and metabolism of myocardial interstitial 
serotonin in the rat heart
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Abstract 

To investigate the roles of the serotonin (5-HT) transporter (SERT) and plasma membrane monoamine transporter 
(PMAT) in 5-HT uptake and its metabolism in the heart, we monitored myocardial interstitial levels of 5-HT and 5-HIAA, 
a metabolite of 5-HT by monoamine oxidase (MAO), in anesthetized rats using a microdialysis technique. Fluoxetine 
(SERT inhibitor), decynium-22 (PMAT inhibitor), or their mixture was locally administered by reverse-microdialysis for 
60 min. Subsequently, pargyline (MAO inhibitor) was co-administered. Fluoxetine rapidly increased dialysate 5-HT 
concentration, while decynium-22 gradually increased it. The mixture induced a larger increase in dialysate 5-HT 
concentration compared to fluoxetine or decynium-22 alone. Fluoxetine increased dialysate 5-HIAA concentration, 
and this increase was abolished by pargyline. Decynium-22 and the mixture did not change dialysate 5-HIAA 
concentration, which were not affected by pargyline. Both SERT and PMAT regulate myocardial interstitial 5-HT levels 
by its uptake; however, 5-HT uptake via PMAT leads to 5-HT metabolism by MAO.

Keywords: Cardiac microdialysis, Serotonin transporter, Plasma membrane monoamine transporter, Monoamine 
oxidase, 5-HT, 5-HIAA
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Background
Myocardial interstitial serotonin (5-hydroxytryptamine, 
5-HT) plays important roles in the heart through vari-
ous subtypes of 5-HT receptor [1]. 5-HT induces vas-
cular smooth muscle contraction via 5-HT 1B and 2A 
receptors [2, 3]. 5-HT affects cardiac contractility via 
5-HT 2B receptors [4] and induces positive inotropic and 
chronotropic effects via 5-HT 4A receptors (in human 
heart atrium) [5]. Moreover, 5-HT activates afferent car-
diac vagal nerves via 5-HT3 receptors [6, 7] and inhibits 
the release of norepinephrine from cardiac sympathetic 
nerve terminals via 5-HT1B/1D receptors [8]. Myo-
cardial interstitial 5-HT is partly washed out into the 

blood stream and partly taken up into cells of cardiac 
tissue via 5-HT transporters. Intracellular 5-HT is sub-
jected to deamination by monoamine oxidase (MAO) 
and subsequently degraded to 5-hydroxyindole acetic 
acid (5-HIAA) [9]. Thus, 5-HT uptake via a transporter 
and degradation by MAO may play an important role in 
the regulation of cardiac functions [10–13]. In the heart, 
serotonin transporter (SERT) exists on the membrane of 
platelets in the blood stream [14] and plasma membrane 
monoamine transporter (PMAT) exists on the plasma 
membrane of cardiomyocytes [5, 15]; however, the roles 
of the two transporters in 5-HT uptake and subsequent 
5-HT metabolism remain unclear in the heart in vivo.

In this study, to investigate the contribution of SERT 
and PMAT to 5-HT uptake and subsequent metabolism, 
we applied a microdialysis technique to the heart of anes-
thetized rats. We simultaneously monitored myocardial 
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interstitial levels of 5-HT and 5-HIAA and examined the 
effect of inhibitors of SERT, PMAT, and MAO.

Methods
Ethical approval
Animal experiments were conducted in accordance with 
the Guide for the Care and Use of Laboratory Animals, 
8th edition (the National Academies Press) and approved 
by the Institutional Animal Care and Utilization Com-
mittee of the National Cerebral and Cardiovascular 
Center Research Institute (No. 20045, 21060). Reporting 
of animal experiments in this study also complies with 
the ARRIVE guidelines for animal research [16].

Surgical preparation A total of 14 male Wistar rats 
(Japan SLC), weighing 493 ± 36  g (~ 18–28 weeks) were 
used. We only used male rats to avoid periodic hormo-
nal changes associated with the estrous cycle in female 
rats from confounding the experimental results. Rats 
were anaesthetized by pentobarbital sodium (60  mg/kg 
i.p.) supplemented with an analgesic agent, butorpha-
nol (0.25  mg/kg i.p.). The rats were then quickly intu-
bated and mechanically ventilated (3 ml, 80 breath/min) 
with room air mixed with oxygen. A PE-50 catheter was 
cannulated to the jugular vein for maintaining the anes-
thesia by continuous infusion of pentobarbital (20  mg/
kg/h) and butorphanol (0.1 mg/kg/h). A similar catheter 
was inserted into the carotid artery for measuring arte-
rial blood pressure. With the rats in a lateral position, 
a left thoracotomy was performed, and a dialysis probe 

was implanted transversely into the lateral wall of the left 
ventricle [17–20]. Two probes were implanted at least 
5  mm apart from each other. The implanted probe was 
found to be broken at the end of the experiment on a few 
occasions due to movement of the heart, in which case all 
dialysate samples from the broken probe were discarded. 
Materials and properties of the microdialysis probe 
have been described previously [21]. At the end of the 
experiment, the rats were sacrificed with an overdose of 
pentobarbital sodium (150 mg/kg i.v. bolus), and then a 
post-mortem examination was conducted to confirm that 
the dialysis probe did not penetrate into the ventricular 
cavity.

Measurement
Arterial blood pressure was measured via a pressure 
transducer (BD DTXPlus, BD). The pressure signal was 
relayed to a BP Amp (ML117, AD Instruments) and digi-
tized using a data acquisition system (Power Lab 16/35, 
AD Instruments). Heart rate (HR) was determined by 
peak detection of the pressure signal on LabChart7 soft-
ware (AD Instruments). The body temperature was mon-
itored with a rectal thermistor and maintained at around 
37  °C using a heating pad and a lamp throughout the 
experiment.

Cardiac microdialysis technique
Figure  1 shows a scheme of the cardiac microdialysis 
and reverse-microdialysis technique. The implanted 

microinjection pump 

dialysate 

dialysis probe epicardium 

5-HT/5-HIAA 

endocardium 

pharmacological agents

Fig. 1 Schematic illustration of the microdialysis technique in the heart in vivo. A dialysis probe is implanted transversely into the lateral wall of the 
left ventricle. Myocardial interstitial 5-HT and 5-HIAA diffuses into perfusate across the dialysis membrane. Pharmacological agents diffuse into the 
interstitium according to a concentration gradient by reverse-microdialysis
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microdialysis probe was continuously perfused with 
Ringer’s solution or Ringer’s solution containing 
pharmacological agents at an infusion rate of 2  µl/min 
using a microinjection pump (CMA/100, Carnegie 
Medicine). Because diffusion across the semipermeable 
membrane is required, based on previous results [19, 
20, 22, 23], we used the pharmacological agent at 
concentrations 10–100 times higher than that required 
in experimental settings in  vitro. To minimize an acute 
effect of surgical invasion due to the probe implantation, 
dialysate sampling was started from at least 2  h after 
the initiation of perfusion. Duration for each dialysate 
sampling was 15  min, which yielded a volume of 30  µl. 
Concentrations of 5-HT and 5-HIAA in the dialysate 
samples were measured by high performance liquid 
chromatography with electro-chemical detection (HPLC-
ECD 700 series, Eicom) as previously described [18, 
20, 24]. In our previous study [20], we have confirmed 
that measured dialysate concentration of 5-HT and 
5-HIAA are stable and did not significantly change at 
least during 60 min of sampling period in the absence of 
pharmacological agents.

Experimental protocols
A summary of the experimental protocols is shown 
in Fig.  2. After baseline dialysate sampling (baseline 
1), the perfusate (Ringer’s solution) was switched to 
(1) 1  mM fluoxetine, (2) 100  µM decynium-22, or (3) 
mixture of 1  mM fluoxetine and 100  µM decynium-22. 
Fluoxetine (Fujifilm Wako Pure Chemical) was used 
to investigate the contribution of SERT to uptake of 

myocardial interstitial 5-HT and decynium-22 (Tocris 
Bioscience) was used to investigate the contribution 
of PMAT to the uptake of myocardial interstitial 5-HT. 
The drug administration was continued for 60 min, and 
thus 4 consecutive samples were collected. After the new 
baseline dialysate sampling (baseline 2), 1 mM pargyline, 
a monoamine oxidase inhibitor, was co-administered 
with either fluoxetine, decynium-22, or the mixture 
of fluoxetine and decynium-22 for 90  min, and 6 
consecutive samples were collected to investigate 5-HT 
metabolism by MAO following to 5-HT uptake into cells. 
In our previous studies using the same experimental 
setup, we found that local administration of 1  mM 
fluoxetine by reverse microdialysis increased 5-HT level 
at ~ 5 times higher than the baseline and this level was 
maintained after 60 min from initiation of the perfusion 
[20]. Similarly, we found that 100  µM decynium-22 
significantly increased 5-HT level and became stable 
after 60 min from initiation of the perfusion [18]. We also 
confirmed that local administration of 1  mM fluoxetine 
or100 µM decynium-22 by reverse-microdialysis had no 
systemic effect. Therefore, 1  mM fluoxetine or 100  µM 
decynium-22 administration was chosen in this study 
and the administration was started at 60 min before the 
co-administration with pargyline. The effect of 1  mM 
pargyline alone on the dialysate 5-HT concentration was 
also tested and found significant [22].

Statistical analysis
All statistical analyses were conducted with GraphPad 
Prism 8 (GraphPad Software, San Diego, CA, USA). 

100 µM Decynium-22
1 mM Pargyline Protocol 2. (n=7)

Ringer’s

Protocol 3. (n=7)

Dialysate sampling (15 min)

Probe implantation

Ringer’s

1 mM Fluoxetine 
1 mM Pargyline Protocol 1. (n=7)

Ringer’s

1 mM Pargyline 
1 mM Fluoxetine + 100 µM Decynium-22

Fig. 2 Experimental protocols. In protocol 1 (n = 7), after baseline dialysate sampling (baseline 1), perfusate (Ringer’s solution) was switched to 
1 mM fluoxetine. The drug administration was continued for 60 min, then second baseline dialysate sampling was performed (baseline 2). The 
perfusate was then switched to 1 mM fluoxetine mixed with 1 mM pargyline. The drug administration was continued for 90 min. In protocol 2 
(n = 7) and 3 (n = 7), similar experiments as protocol 1 were performed in the presence of 100 µM decynium-22 and the mixture of fluoxetine and 
decynium-22, respectively
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All results were presented as means ± SD. Differences 
among the 3 groups were compared by one-way ANOVA 
followed by Tukey’s multiple comparison test. Time 
course changes in 5-HT and 5-HIAA were compared by 
one-way repeated measures ANOVA followed by Sidak’s 
multiple comparison tests to find a significant difference 
from baseline 1 (*P < 0.05) and from baseline 2 (†P < 0.05).

Results
Time course of heart rate and mean arterial blood pressure
HR and mean arterial blood pressure (MABP) were sta-
ble throughout the experiment (Table 1). Although there 
were some time-dependent changes in both HR and 
MABP, there were no significant differences among the 
groups.

Dialysate 5‑HT and 5‑HIAA concentration at baseline 1 
(Figs. 3, 4, and 5)
Dialysate 5-HT concentration at baseline 1 was 
0.85 ± 0.51, 0.55 ± 0.19, and 0.89 ± 0.46  nM in the 
groups treated with fluoxetine, decynium-22, and 
fluoxetine + decynium-22, respectively. Dialysate 
5-HIAA concentration at baseline 1 was 7.02 ± 3.73, 
6.64 ± 4.13, and 7.55 ± 3.03 nM in the groups treated with 
fluoxetine, decynium-22, and fluoxetine + decynium-22, 
respectively. There were no significant differences in 
dialysate 5-HT and 5-HIAA concentration at baseline 1 
among the groups.

Dialysate 5‑HT and 5‑HIAA concentration in the presence 
of fluoxetine (Fig. 3)
Fluoxetine increased dialysate 5-HT concentra-
tion to about 16 times of baseline 1 at 0–15  min 
(13.24 ± 4.84  nM, *P < 0.05 vs baseline (1). The dialysate 
5-HT concentration then declined and became stable at 
45–60  min of administration (3.61 ± 0.84  nM). Fluox-
etine also increased dialysate 5-HIAA concentration at 
15–30 min (11.56 ± 4.63 nM, *P < 0.05 vs baseline 1), and 
dialysate 5-HIAA concentration did not return to the 
level of baseline 1 during the 60-min sampling period.

In the presence of fluoxetine, pargyline further 
increased dialysate 5-HT concentration (8.75 ± 2.69  nM 
at 15–30  min, †P < 0.05 vs baseline (2). Dialysate 
5-HT concentration remained at this high level dur-
ing the 90-min sampling period. Pargyline decreased 
dialysate 5-HIAA concentration from baseline 2 level 
(7.33 ± 5.71 nM at 75–90 min, †P < 0.05 vs baseline 2).

Dialysate 5‑HT and 5‑HIAA concentration in the presence 
of decynium‑22 (Fig. 4)
Decynium-22 gradually increased dialysate 5-HT 
concentration. The dialysate 5-HT concentration reached 
3.28 ± 0.63 nM at 45–60 min of administration (*P < 0.05 

vs baseline 1). Meanwhile, decynium-22 did not change 
dialysate 5-HIAA concentration during the 60-min 
sampling period.

In the presence of decynium-22, pargyline further 
increased dialysate 5-HT concentration (7.62 ± 2.33  nM 
at 75–90 min, †P < 0.05 vs baseline 2), but did not change 
dialysate 5-HIAA concentration.

Dialysate 5‑HT and 5‑HIAA concentration in the presence 
of fluoxetine and decynium‑22 (Fig. 5)
Combined administration of fluoxetine and decynium-22 
increased dialysate 5-HT concentration similar to fluox-
etine alone (15.10 ± 6.49  nM at 0–15  min, *P < 0.05 vs 
baseline 1), except that dialysate 5-HT concentration 
at 45–60  min was significantly higher than baseline 1 
(*P < 0.05). Combined administration of fluoxetine and 
decynium-22 did not change dialysate 5-HIAA concen-
tration during the 60-min sampling period.

In the presence of both fluoxetine and decynium-22, 
pargyline did not further increase dialysate 5-HT concen-
tration but maintained dialysate 5-HT concentration at 
a higher level during the 90-min sampling period com-
pared to baseline 1 (*P < 0.05). Pargyline did not change 
dialysate 5-HIAA concentration, but dialysate 5-HIAA 
concentration decreased to a level below baseline 1 
(4.86 ± 1.56 nM at 75–90 min, *P < 0.05).

Discussion
Fluoxetine (SERT inhibitor) and decynium-22 (PMAT 
inhibitor) increased myocardial interstitial 5-HT level 
with different time-course effects, and the response of 
myocardial interstitial 5-HT to the mixture of fluoxetine 
and decynium-22 was almost, the calculated sum of the 
individual responses to fluoxetine and decynium-22. 
Fluoxetine increased myocardial interstitial 5-HIAA 
level, but decynium-22 and the mixture of fluoxetine 
and decynium-22 did not change myocardial interstitial 
5-HIAA level. Additional administration of pargyline 
decreased myocardial interstitial 5-HIAA level from 
baseline 2 in the presence of fluoxetine but not in the 
presence of decynium-22 and mixture of fluoxetine and 
decynium-22. These findings suggest that both SERT and 
PMAT independently contribute to maintain a low level 
of myocardial interstitial 5-HT; however, 5-HT uptake via 
PMAT leads to 5-HT metabolism by MAO, while 5-HT 
uptake via SERT does not.

Regulation of myocardial interstitial 5‑HT level by 5‑HT 
transporters
It is important to consider that SERT is mainly 
expressed on the membrane of platelets and is 
expressed less on the membrane of cardiomyocytes [5]. 
The initial rapid increase in myocardial interstitial 5-HT 
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level by fluoxetine indicated that SERT of platelets 
potently regulates myocardial interstitial 5-HT level. 
However, myocardial interstitial 5-HT level declined 
after 15 min of fluoxetine administration regardless of 
continuous administration of fluoxetine. This decline 
of myocardial interstitial 5-HT level might be due 
to the activity of alternate 5-HT transporters, which 
are insensitive to fluoxetine. When the myocardial 
interstitial 5-HT level started to increase above the 

normal/physiological range, the role of high-capacity 
transporters (e.g., PMAT) could become predominant 
by 2–3 orders of magnitude higher maximal capacity 
to transport than those of SERT [25]. In other words, 
the contribution of PMAT to 5-HT uptake into the cells 
increased to prevent further increase in the myocardial 
interstitial 5-HT level. Changes in SERT translocation 
on the cellular membrane might also affect the dynamic 
change in interstitial 5-HT concentration, since the 
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distribution of SERT is modulated according to 5-HT 
concentration between the outside and inside of the 
membrane [26].

In contrast to the rapid increase by fluoxetine, decy-
nium-22 increased myocardial interstitial 5-HT level 
more slowly. Inhibition of decynium-22-sensitive 5-HT 
transporter increased the interstitial 5-HT level, but the 
transporter-dependent rate of the increase in 5-HT could 
be limited due to the low-affinity of PMAT for 5-HT [27, 
28]. In addition, decynium-22-insensitve 5-HT trans-
porter, e.g., SERT has been reported to indicate 2–3 
order magnitude high affinity for 5-HT [25]. This prop-
erty also might prevent the increase in interstitial 5-HT 
level in the presence of decynium-22.

High-affinity SERT-mediated 5-HT uptake is func-
tional at low 5-HT level [29]. In this low-5-HT condition, 
the 5-HT that is taken up into platelets might be stored 
in the vesicles and reused, avoiding unnecessary loss of 
5-HT. Meanwhile, high-capacity PMAT-mediated 5-HT 
uptake becomes increasingly prominent at high 5-HT 
levels, i.e., in the presence of excessive amount of 5-HT. 
In that case, 5-HT uptake through PMAT followed by the 
5-HT degradation by MAO would play an important role 
in the clearance of 5-HT.

Metabolism by MAO after uptake via 5‑HT transporters
Fluoxetine increased myocardial interstitial 5-HIAA level 
and additional pargyline reduced myocardial interstitial 
5-HIAA level. Moreover, decynium-22 and mixture of 
fluoxetine and decynium-22 did not change myocardial 
interstitial 5-HIAA level in spite of the increase in 

myocardial interstitial 5-HT level and additional 
pargyline did not change myocardial interstitial 5-HIAA 
level from baseline 2. These results indicate that, in the 
presence of fluoxetine, myocardial interstitial 5-HT was 
taken up via the intact decynium-22-sensitive transporter 
and metabolized to 5-HIAA by MAO, and that, in the 
presence of decinium-22, myocardial interstitial 5-HT 
was taken up via intact SERT but not metabolized to 
5-HIAA by MAO. Thus, we conclude that 5-HT uptake 
via PMAT leads to 5-HT metabolism by MAO, but 5-HT 
uptake via SERT does not.

MAO is distributed widely in various cells including 
platelets, sympathetic nerves, and cardiomyocytes in the 
heart and SERT is mainly expressed on the membrane 
of platelet. At present we cannot explain the reason why 
5-HT uptake via SERT does not lead to 5-HT metabolism 
by MAO. Platelets might concentrate 5-HT to the vesicle 
and reuse 5-HT. Although the cells contributing to 5-HT 
degradation cannot be specified, 5-HT transporters con-
tributing 5-HT degradation in the heart is specified.

5-HT taken up via PMAT is metabolized by MAO and 
maintains the 5-HT gradient between cytosol and extra-
cellular space by decreasing intracellular 5-HT level. On 
the other hand, 5-HT taken up via SERT does not get 
metabolized by MAO. It has been reported that SERT 
is a high-affinity but low-capacity transporter for 5-HT 
but PMAT is a low-affinity, high-capacity transporter for 
5-HT. 5-HT degradation by MAO could partly explain 
the difference in properties of the two transporters.

+Pargyline+Pargyline

Repeated-measured One-way ANOVA, Tukey’s multiple comparison test. *P<0.05, vs. baseline, †P<0.05, vs. baseline2
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Role of degradation by MAO in uptake via 5‑HT transporters
In the presence of fluoxetine, pargyline increased myo-
cardial interstitial 5-HT level. Meanwhile, in the pres-
ence of both fluoxetine and decynium-22, myocardial 
interstitial 5-HT level was already high before pargyline 
and additional pargyline did not change myocardial 
interstitial 5-HT level any further. These results suggest 
that administration of pargyline induces the inhibition 
of 5-HT uptake via decyniumu-22 sensitive transporter. 
Inhibition of MAO increases intracellular 5-HT level by 
reduction of 5-HT degradation. This increased intracel-
lular 5-HT could prevent 5-HT uptake via PMAT due to 
the decrease in 5-HT concentration gradient between 
intra- and extracellular space. Thus, we consider that 
intracellular 5-HT degradation by MAO maintains 5-HT 
uptake via PMAT.

In the presence of decynium-22, however, myocardial 
interstitial 5-HT level continued to increase after par-
gyline. Continuous increase in myocardial interstitial 
5-HT after pargyline in the presence of decynium-22 
might be due to continuous effect of decynium-22 but 
not due to the effect of pargyline.

Limitation
Although we have observed that time-course changes in 
dialysate 5-HT and 5-HIAA are different between fluox-
etine and decynium-22, we cannot exclude the possible 
interference due to the route of drug administration. The 
reverse-microdialysis technique that was used to admin-
ister the pharmacological agents in this study requires 
relatively high concentration to cross the dialysis mem-
brane and to diffuse into the interstitium according to 
a concentration gradient. This diffusion capacity in the 
myocardial interstitium could be different between fluox-
etine and decynium-22, suggesting that if one crosses 
the membrane and reaches interstitium surrounding the 
dialysis probe much faster than the other, the time-course 
changes in 5-HT and 5-HIAA might be dependent on the 
diffusion capacity of the pharmacological agents.

It might be helpful to confirm SERT or PMAT depend-
ent 5-HT uptake in mice using transgenic models instead 
of using pharmacological agents. However, genetically 
engineered mice occasionally show altered non-specific 
expression of compensatory genes/proteins, and present 
complicated compensatory effects through activation of 
other mechanisms. For example, organic cation trans-
porter (OCT), which has an affinity for 5-HT was upreg-
ulated in SERT knockout mice [30, 31]. This effect may 
hinder our ability to understand the kinetics of 5-HT/5-
HIAA in the heart in  vivo that we found in this study. 
This point may be a potential option for future study after 
careful consideration of an appropriate model.

Summary
Putative mechanisms regulating myocardial interstitial 
5-HT level under physiological condition are summarized 
in Fig.  6. Myocardial interstitial 5-HT is taken up into 
platelets by fluoxetine-sensitive, high-affinity transporter 
(SERT) to maintain low level of the myocardial interstitial 
5-HT, but is less metabolized and could be reused. 
Meanwhile, myocardial interstitial 5-HT is also taken 
up into cardiac cells by decynium-22-sensitive, high-
capacity transporter (PMAT), which is then metabolized 
by MAO to produce 5-HIAA.

Conclusions
Both SERT and PMAT independently regulate myocar-
dial interstitial 5-HT levels by its uptake. 5-HT uptake via 
PMAT rather than SERT contributes more to intracellu-
lar 5-HT metabolism by MAO.

Acknowledgements
The authors thank Ms. Mariko Tomisako for assistance with maintenance of the 
HPLC system.

Author contributions
T.S., and T.A. conceived and designed research; T.S. performed experiments; 
T.S. and T.A. analysed data and interpreted results of experiments; T.S. prepared 
figures and drafted the manuscript; T.S., T.A., and J.T.P. edited and revised the 
manuscript; T.S., T.A., and J.T.P. approved the final version of the manuscript. All 
authors read and approved the final manuscript.

SERT

5-HT

platelet

Cardiac cells

Interstitial space

PMAT

5-HT

Decynium-22

Fluoxetine

MAO
5-HIAA

5-HIAA

Fig. 6 Putative mechanisms regulating cardiac interstitial level of 
5-HT in a physiological condition. Interstitial level of 5-HT in the heart 
is maintained low mostly by fluoxetine-sensitive transporter (SERT) 
dependent uptake into platelets and stored in intracellular vesicles. 
This stored 5-HT in the vesicle could be reused and less metabolized. 
Meanwhile, interstitial 5-HT is also taken up by decynium-22 sensitive 
transporter (PMAT) into cardiac cells. The transported 5-HT is then 
metabolized by MAO to produce 5-HIAA



Page 9 of 10Sonobe et al. The Journal of Physiological Sciences           (2022) 72:27  

Funding
This work was supported by JSPS KAKENHI Grant Numbers JP17K11604, 
JP18K10882, JP21K11358, JP22K09182.

Availability of data and materials
The data supporting the results in this study are available from the corre-
sponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Animal experiments were approved by the Institutional Animal Care and 
Utilization Committee of the National Cerebral and Cardiovascular Center 
Research Institute (No. 20045, 21060).

Consent for publication
Not applicable.

Competing interests
No conflicts of interest, financial, or otherwise are declared by the authors.

Author details
1 Department of Cardiac Physiology, National Cerebral and Cardiovascular 
Center Research Institute, Suita, Osaka, Japan. 2 Department of Physiology, 
Victoria Heart Institute and Monash Biomedicine Discovery Institute, Monash 
University, Melbourne, Australia. 

Received: 15 August 2022   Accepted: 13 October 2022

References
 1. Côté F, Fligny C, Fromes Y, Mallet J, Vodjdani G (2004) Recent advances in 

understanding serotonin regulation of cardiovascular function. Trends 
Mol Med 10:232–238. https:// doi. org/ 10. 1016/j. molmed. 2004. 03. 007

 2. O’Connor SE, Grosset A, La Rochelle CD, Gautier E, Bidouard JP, Robineau 
P, Caille D, Janiak P (2001) Cardiovascular effects of SL65.0472, a 5-HT 
receptor antagonist. Eur J Pharmacol 414:259–269. https:// doi. org/ 10. 
1016/ s0014- 2999(01) 00804-4

 3. Nilsson T, Longmore J, Shaw D, Pantev E, Bard JA, Branchek T, Edvinsson L 
(1999) Characterisation of 5-HT receptors in human coronary arteries by 
molecular and pharmacological techniques. Eur J Pharmacol 372:49–56. 
https:// doi. org/ 10. 1016/ s0014- 2999(99) 00114-4

 4. Nebigil CG, Hickel P, Messaddeq N, Vonesch JL, Douchet MP, Monassier L, 
György K, Matz R, Andriantsitohaina R, Manivet P, Launay JM, Maroteaux 
L (2001) Ablation of serotonin 5-HT(2B) receptors in mice leads to 
abnormal cardiac structure and function. Circulation 103:2973–2979. 
https:// doi. org/ 10. 1161/ 01. cir. 103. 24. 2973

 5. Gergs U, Jung F, Buchwalow IB, Hofmann B, Simm A, Treede H, Neumann 
J (2017) Pharmacological and physiological assessment of serotonin 
formation and degradation in isolated preparations from mouse and 
human hearts. Am J Physiol Heart Circ Physiol 313:H1087–H1097. https:// 
doi. org/ 10. 1152/ ajphe art. 00350. 2017

 6. Fu LW, Longhurst JC (2002) Activated platelets contribute to stimulation 
of cardiac afferents during ischaemia in cats: role of 5-HT(3) receptors. J 
Physiol 544:897–912. https:// doi. org/ 10. 1113/ jphys iol. 2002. 023374

 7. Longhurst JC, Tjen-A-Looi SC, Fu LW (2001) Cardiac sympathetic 
afferent activation provoked by myocardial ischemia and reperfusion. 
Mechanisms and reflexes. Ann N Y Acad Sci 940:74–95. https:// doi. org/ 10. 
1111/j. 1749- 6632. 2001. tb036 68.x

 8. Ramage AG, Villalón CM (2008) 5-hydroxytryptamine and cardiovascular 
regulation. Trends Pharmacol Sci 29:472–481. https:// doi. org/ 10. 1016/j. 
tips. 2008. 06. 009

 9. Pizzinat N, Copin N, Vindis C, Parini A, Cambon C (1999) Reactive oxygen 
species production by monoamine oxidases in intact cells. Naunyn 
Schmiedebergs Arch Pharmacol 359:428–431. https:// doi. org/ 10. 1007/ 
pl000 05371

 10. Bianchi P, Pimentel DR, Murphy MP, Colucci WS, Parini A (2005) A 
new hypertrophic mechanism of serotonin in cardiac myocytes: 

receptor-independent ROS generation. FASEB J 19:641–643. https:// doi. 
org/ 10. 1096/ fj. 04- 2518fj e

 11. Bianchi P, Kunduzova O, Masini E, Cambon C, Bani D, Raimondi L, 
Seguelas MH, Nistri S, Colucci W, Leducq N, Parini A (2005) Oxidative 
stress by monoamine oxidase mediates receptor-independent 
cardiomyocyte apoptosis by serotonin and postischemic myocardial 
injury. Circulation 112:3297–3305. https:// doi. org/ 10. 1161/ CIRCU LATIO 
NAHA. 104. 528133

 12. Kaludercic N, Carpi A, Menabò R, Di Lisa F, Paolocci N (2011) Monoamine 
oxidases (MAO) in the pathogenesis of heart failure and ischemia/
reperfusion injury. Biochim Biophys Acta 1813:1323–1332. https:// doi. 
org/ 10. 1016/j. bbamcr. 2010. 09. 010

 13. Kaludercic N, Mialet-Perez J, Paolocci N, Parini A, Di Lisa F (2014) 
Monoamine oxidases as sources of oxidants in the heart. J Mol Cell 
Cardiol 73:34–42. https:// doi. org/ 10. 1016/j. yjmcc. 2013. 12. 032

 14. Lesch KP, Wolozin BL, Murphy DL, Reiderer P (1993) Primary structure 
of the human platelet serotonin uptake site: identity with the brain 
serotonin transporter. J Neurochem 60:2319–2322. https:// doi. org/ 10. 
1111/j. 1471- 4159. 1993. tb035 22.x

 15. Barnes K, Dobrzynski H, Foppolo S, Beal PR, Ismat F, Scullion ER, Sun L, 
Tellez J, Ritzel MW, Claycomb WC, Cass CE, Young JD, Billeter-Clark R, 
Boyett MR, Baldwin SA (2006) Distribution and functional characterization 
of equilibrative nucleoside transporter-4, a novel cardiac adenosine 
transporter activated at acidic pH. Circ Res 99:510–519. https:// doi. org/ 
10. 1161/ 01. RES. 00002 38359. 18495. 42

 16. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, Browne 
WJ, Clark A, Cuthill IC, Dirnagl U, Emerson M, Garner P, Holgate ST, Howells 
DW, Karp NA, Lazic SE, Lidster K, MacCallum CJ, Macleod M, Pearl EJ, 
Petersen OH, Rawle F, Reynolds P, Rooney K, Sena ES, Silberberg SD, 
Steckler T, Würbel H (2020) The ARRIVE guidelines 2.0: updated guidelines 
for reporting animal research. J Physiol 598:3793–3801. https:// doi. org/ 
10. 1113/ JP280 389

 17. Sonobe T, Akiyama T, Du C-K, Zhan D-Y, Shirai M (2014) Contribution of 
calpain to myoglobin efflux from cardiomyocytes during ischaemia and 
after reperfusion in anaesthetized rats. Acta Physiol 210:823–831. https:// 
doi. org/ 10. 1111/ apha. 12205

 18. Sonobe T, Akiyama T, Du CK, Pearson JT (2019) Serotonin uptake via 
plasma membrane monoamine transporter during myocardial ischemia-
reperfusion in the rat heart in vivo. Physiol Rep 7:e14297. https:// doi. org/ 
10. 14814/ phy2. 14297

 19. Inagaki T, Akiyama T, Du CK, Zhan DY, Yoshimoto M, Shirai M (2016) 
Monoamine oxidase-induced hydroxyl radical production and 
cardiomyocyte injury during myocardial ischemia-reperfusion in rats. Free 
Radic Res 50:645–653. https:// doi. org/ 10. 3109/ 10715 762. 2016. 11623 00

 20. Sonobe T, Akiyama T, Pearson JT (2021) Carrier-mediated serotonin efflux 
induced by pharmacological anoxia in the rat heart in vivo. Clin Exp 
Pharmacol Physiol 48:1685–1692. https:// doi. org/ 10. 1111/ 1440- 1681. 
13576

 21. Akiyama T, Yamazaki T, Ninomiya I (1991) In vivo monitoring of myocardial 
interstitial norepinephrine by dialysis technique. Am J Physiol 261:H1643-
1647. https:// doi. org/ 10. 1152/ ajphe art. 1991. 261.5. H1643

 22. Du CK, Zhan DY, Akiyama T, Sonobe T, Inagaki T, Shirai M (2014) 
Myocardial interstitial serotonin and its major metabolite, 
5-hydroxyindole acetic acid levels determined by microdialysis technique 
in rat heart. Life Sci 117:33–39. https:// doi. org/ 10. 1016/j. lfs. 2014. 09. 019

 23. Du CK, Zhan DY, Akiyama T, Inagaki T, Shishido T, Shirai M, Pearson JT 
(2017) Myocardial interstitial levels of serotonin and its major metabolite 
5-hydroxyindole acetic acid during ischemia-reperfusion. Am J Physiol 
Heart Circ Physiol 312:H60–H67. https:// doi. org/ 10. 1152/ ajphe art. 00471. 
2016

 24. Sonobe T, Akiyama T, Du CK, Zhan DY, Shirai M (2013) Contribution of 
serotonin uptake and degradation to myocardial interstitial serotonin 
levels during ischaemia-reperfusion in rabbits. Acta Physiol (Oxf ) 
207:260–268. https:// doi. org/ 10. 1111/j. 1748- 1716. 2012. 02461.x

 25. Daws LC (2009) Unfaithful neurotransmitter transporters: focus on 
serotonin uptake and implications for antidepressant efficacy. Pharmacol 
Ther 121:89–99. https:// doi. org/ 10. 1016/j. pharm thera. 2008. 10. 004

 26. Brenner B, Harney JT, Ahmed BA, Jeffus BC, Unal R, Mehta JL, Kilic F 
(2007) Plasma serotonin levels and the platelet serotonin transporter. 
J Neurochem 102:206–215. https:// doi. org/ 10. 1111/j. 1471- 4159. 2007. 
04542.x

https://doi.org/10.1016/j.molmed.2004.03.007
https://doi.org/10.1016/s0014-2999(01)00804-4
https://doi.org/10.1016/s0014-2999(01)00804-4
https://doi.org/10.1016/s0014-2999(99)00114-4
https://doi.org/10.1161/01.cir.103.24.2973
https://doi.org/10.1152/ajpheart.00350.2017
https://doi.org/10.1152/ajpheart.00350.2017
https://doi.org/10.1113/jphysiol.2002.023374
https://doi.org/10.1111/j.1749-6632.2001.tb03668.x
https://doi.org/10.1111/j.1749-6632.2001.tb03668.x
https://doi.org/10.1016/j.tips.2008.06.009
https://doi.org/10.1016/j.tips.2008.06.009
https://doi.org/10.1007/pl00005371
https://doi.org/10.1007/pl00005371
https://doi.org/10.1096/fj.04-2518fje
https://doi.org/10.1096/fj.04-2518fje
https://doi.org/10.1161/CIRCULATIONAHA.104.528133
https://doi.org/10.1161/CIRCULATIONAHA.104.528133
https://doi.org/10.1016/j.bbamcr.2010.09.010
https://doi.org/10.1016/j.bbamcr.2010.09.010
https://doi.org/10.1016/j.yjmcc.2013.12.032
https://doi.org/10.1111/j.1471-4159.1993.tb03522.x
https://doi.org/10.1111/j.1471-4159.1993.tb03522.x
https://doi.org/10.1161/01.RES.0000238359.18495.42
https://doi.org/10.1161/01.RES.0000238359.18495.42
https://doi.org/10.1113/JP280389
https://doi.org/10.1113/JP280389
https://doi.org/10.1111/apha.12205
https://doi.org/10.1111/apha.12205
https://doi.org/10.14814/phy2.14297
https://doi.org/10.14814/phy2.14297
https://doi.org/10.3109/10715762.2016.1162300
https://doi.org/10.1111/1440-1681.13576
https://doi.org/10.1111/1440-1681.13576
https://doi.org/10.1152/ajpheart.1991.261.5.H1643
https://doi.org/10.1016/j.lfs.2014.09.019
https://doi.org/10.1152/ajpheart.00471.2016
https://doi.org/10.1152/ajpheart.00471.2016
https://doi.org/10.1111/j.1748-1716.2012.02461.x
https://doi.org/10.1016/j.pharmthera.2008.10.004
https://doi.org/10.1111/j.1471-4159.2007.04542.x
https://doi.org/10.1111/j.1471-4159.2007.04542.x


Page 10 of 10Sonobe et al. The Journal of Physiological Sciences           (2022) 72:27 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 27. Engel K, Zhou M, Wang J (2004) Identification and characterization 
of a novel monoamine transporter in the human brain. J Biol Chem 
279:50042–50049. https:// doi. org/ 10. 1074/ jbc. M4079 13200

 28. Engel K, Wang J (2005) Interaction of organic cations with a newly 
identified plasma membrane monoamine transporter. Mol Pharmacol 
68:1397–1407. https:// doi. org/ 10. 1124/ mol. 105. 016832

 29. Daws LC, Koek W, Mitchell NC (2013) Revisiting serotonin reuptake 
inhibitors and the therapeutic potential of “uptake-2” in psychiatric 
disorders. ACS Chem Neurosci 4:16–21. https:// doi. org/ 10. 1021/ cn300 
1872

 30. Chen JJ, Li Z, Pan H, Murphy DL, Tamir H, Koepsell H, Gershon MD 
(2001) Maintenance of serotonin in the intestinal mucosa and ganglia 
of mice that lack the high-affinity serotonin transporter: Abnormal 
intestinal motility and the expression of cation transporters. J Neurosci 
21:6348–6361

 31. Baganz NL, Horton RE, Calderon AS, Owens WA, Munn JL, Watts LT, 
Koldzic-Zivanovic N, Jeske NA, Koek W, Toney GM, Daws LC (2008) 
Organic cation transporter 3: Keeping the brake on extracellular 
serotonin in serotonin-transporter-deficient mice. Proc Natl Acad Sci U S 
A 105:18976–18981. https:// doi. org/ 10. 1073/ pnas. 08004 66105

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1074/jbc.M407913200
https://doi.org/10.1124/mol.105.016832
https://doi.org/10.1021/cn3001872
https://doi.org/10.1021/cn3001872
https://doi.org/10.1073/pnas.0800466105

	Transporter-dependent uptake and metabolism of myocardial interstitial serotonin in the rat heart
	Abstract 
	Background
	Methods
	Ethical approval
	Measurement
	Cardiac microdialysis technique
	Experimental protocols
	Statistical analysis

	Results
	Time course of heart rate and mean arterial blood pressure
	Dialysate 5-HT and 5-HIAA concentration at baseline 1 (Figs. 3, 4, and 5)
	Dialysate 5-HT and 5-HIAA concentration in the presence of fluoxetine (Fig. 3)
	Dialysate 5-HT and 5-HIAA concentration in the presence of decynium-22 (Fig. 4)
	Dialysate 5-HT and 5-HIAA concentration in the presence of fluoxetine and decynium-22 (Fig. 5)

	Discussion
	Regulation of myocardial interstitial 5-HT level by 5-HT transporters
	Metabolism by MAO after uptake via 5-HT transporters
	Role of degradation by MAO in uptake via 5-HT transporters
	Limitation
	Summary

	Conclusions
	Acknowledgements
	References




