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Abstract

Neuropeptide Y (NPY) and agonist Leu(31)Pro(34)NPY were used to determine the type
of NPY receptors involved in electrical activity and myocardial contraction. The experiments
on the electrical activity of the right atrium showed that NPY and the selective agonist had
negative inotropic and chronotropic actions through the activation of NPY, receptor. The activa-
tion of NPY-receptors of right atrial cardiomyocytes with NPY leads to a change of the mem-
brane potential and the amplitude-time parameters of the action potential. The experiments
with the myocardial strips showed that NPY and the agonist produced the most potent effect
at a concentration of 10~ M. At this concentration, Leu(31)Pro(34)NPY showed the greatest
positive inotropic effect on the contraction of the atria and ventricles.
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Introduction

Neuropeptide Y (NPY), a 36-amino acid peptide isolated from the pig brain, is
structurally characterized by a C-terminal tyrosine amide and N-terminal tyrosine
residue. The structures of NPY and NPY mRNA are similar to those of peptide YY
(PYY) and pancreatic polypeptide. Therefore, these peptides are called NPY-family
peptides, which were derived from the same ancestor [1-3]. NPY has been identified
in many animal species. The homology of this bioactive peptide is over 90% among
species, and it has been suggested to be conserved from fish to mammals. NPY acts on
G-protein-coupled receptors, which have been classified into five subtypes (NPY}, Y,
Y3, Y4, and Ys). These receptors are coupled with Gi/o protein and their activation
causes a decrease in intracellular cyclic AMP, but it has been shown that they have
different affinities for NPY and different distributions in organs [4—6].

NPY is present in both central and peripheral nervous systems. In the central
nervous system, NPY neurons occur in the hypothalamus, cerebral cortex, and hip-
pocampus; they regulate pituitary hormone release, appetite, memory, and autonomic
nerve functions [6—8]. NPY is co-stored and co-released with catecholamines (nora-
drenaline and adrenaline) in the peripheral nervous system and is thought to play im-
portant roles in the cardiovascular system, such as the regulation of vascular tone and
cardiac contractility [9—11]. The effects of NPY on cardiac contractility have been
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investigated in many species of mammals (humans, rats, dogs, Guinea pigs, and rab-
bits) using various experimental approaches (in vivo, isolated heart preparations, and
isolated cardiomyocytes).

Various biological effects of NPY and its homologs are mediated by the activa-
tion of at least five receptors: YIR, Y2R, Y4R, Y5R, and Y6R. Among the six NPY
receptor subtypes, Y3R subtype has not been cloned, Y6R is a nonfunctional receptor
in rat and human [12]. Thus, it seems that Y1R, Y2R, and Y5R are the three major
subtypes of NPY receptors that mediate the biological functions of NPY in humans
and rats. All known NPY receptors belong to the large superfamily of G-protein-
coupled heptahelical receptors [13]. The actions of NPY on peripheral target-organs
are predominantly realized through the postsynaptic Y1R, Y5R and the presynaptic
Y2R [12, 14, 15].In the heart, the most prominent source of NPY is postganglionic
sympathetic fibers, the majority originating from neurons located in the stellate gan-
glion [16, 17]. In rodents, NPY is also expressed by the parasympathetic neurons of
the intrinsic cardiac ganglia [18]. Sensory neurons do not produce NPY under physi-
ological conditions [19-21].

Immunohistochemistry detected Y, Y,, Y3, and Y5 receptors in rat endocardium
and myocardium [22]. All types of NPY receptors can be pharmacologically discrimi-
nated using the appropriate blockers. This approach was especially fruitful in the study
of Y; and Y,-receptors. The postsynaptic action of NPY-receptor agonists in the myo-
cardium can have negative or positive inotropic and chronotropic effects [23, 24].
The positive inotropic effect is mediated via Y;-receptors, L-type Ca** channels, and
mobilization of calcium ions from the sarcoplasmic reticulum [25]. The negative ino-
tropic effect is related to activation of Y,-receptors and adenylate cyclase inhibition
resulting in suppression of Ca”" current [26].

Neuropeptide Y, a sympathetic co-transmitter, has both pre- and post-synaptional
actions in the cardiovascular system. It is known that NPY is not a selective agonist
for all NPY-receptors. In 1990, a shortened modified C-terminal peptide fragment of
NPY, [Leu31, Pro34] NPY, was developed as an agonist for the NPY Y, receptor [27].
Y, receptors consist of 384 amino acids [28] and are pharmacologically distinguished
from Y, receptors by their ability to bind [Leu31, Pro34]NPY [27, 29]. Indeed, ligand
affinity analysis of a successfully cloned G-protein-coupled receptor enabled identifi-
cation of Y, which binds the NPY family of ligands with the following rank order of
potency: NPY =PYY > [Leu3l, Pro34] NPY >> PP > PYY13-36 [28]. [Leu31, Pro34]
NPY is a selective functional agonist of neuropeptide-Y receptors in rats [27, 30].

Within the cardiovascular system, NPY is found co-localized with noradrenaline in
most sympathetic nerve fibers [31]. It is released together with noradrenaline during
sympathetic nerve stimulation [32], to act both post- and pre-junctionally. NPY exhibits
a variety of acute effects on the cardiac performance, and these involve both pre- and
post-junctional sites of action. The post-junctional inotropic and chronotropic effects of
NPY, on whole heart or strips of tissues, vary among species and in preparations.

The hearts of several species, including humans, have been shown to exhibit
high NPY immunoreactivity and this peptide being more abundant in the atria than in
the ventricles [33]. In rodents, NPY immunoreactivity has been reported to be present
in sympathetic nerve fibers that innervate coronary arteries and cardiomyocytes [34—36].
High concentrations of NPY were also found in nerve fibers near the sinus and atrio-
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ventricular node conductive tissues and in the endocardial layer. Interestingly, NPY is
not only present in sympathetic nerve fibers, but also in intrinsic cardiac nerves [37].

Our aim was to study the effects of NPY and related peptides on the regulation
of myocardium contractility and electrical activity of atrial preparation and to deter-
mine the types of NPY receptors.

Materials and Methods

The experiments were performed on rats aged more than 10-12 weeks and
weighing 150-250 g (n = 56) The animals were kept in polycarbonate cages at the
temperature of 23 £ 1 °C, relative humidity of 40—60%, and daily light/dark cycle
(7:00 am to 7:00 pm). Food and tap water were given ad libitum.

Electrical activity experiments. For experiments with intracellular recording of
electrical activity in working myocardium, the rats were decapitated, the chest was rapid-
ly opened. The heart was isolated and washed with Tyrode solution containing (mM):
133.47 NaCl, 4.69 KCI, 1.35 NaH,PO4:2H,0, 16.31 NaHCO;, 1.18 MgSO,-7H,0,
2.5 CaCl,2H,0, and 7.77 glucose. The solution was saturated with carbogen (95%
0,, 5% CO,), pH was maintained at 7.3—7.4 by addition of Trizma base buffer and
acid buffer. Isolated right atrial wall or a fragment of the right auricle was washed
with Tyrode solution at 39°C at a rate of 10 ml/min. The myocardial preparations
were fixed to the bottom of the chamber with endocardial side turned upwards
by Digiscope 2.0 software and a DL-360 linear slave isolator module (Neirobiolab).
Intracellular action potentials were recorded via glass microelectrodes with the re-
sistance of 25—-60 MQ. The signals were digitized with an E14-140 converter (L-Card)
and recorded using Elph 5p0. The data were processed with AP_Calc. Registration
membrane potential (MP), action potential (AP), duration depolarization (DD), am-
plitude of action potential (A AP), and duration were determined at 20, 50, and 90%
repolarization levels (DPD20%, DPD 50%, and DPD 90%).

Contraction experiments. Myocardial contractility was studied in vitro with
myocardial strips from albino rats. The contractile function of the myocardium was
evaluated after the treatment with NPY and Leu31, Pro34-neuropeptide Y in three
increasing concentrations. The study was performed using a PowerLab device
(ADInstruments) equipped with a MLT 050/D force transducer (ADInstruments).
The hearts were rapidly removed after thoracotomy and maintained in a Petri dish
with the working solution under oxygenation and ESL-2 stimulation. Myocardial
strips were prepared. The preparation was immersed in Tyrode solution. The strips
were stimulated via platinum electrodes (10 pulses/min; pulse duration 5 msec). The
results were recorded on a personal computer with Chart 5.1 software. Immersion of
the preparations in a reservoir was followed by the “running-in-period” of 40—60 min.
Muscle strips gained the optimal tension over this period. Basal contractility was
studied over 10 min after the “running-in-period”. Muscle contractility was assayed
over 20 min after addition of NPY or Leu31, Pro34-neuropeptide Y in one concentra-
tion to the working solution. After NPY stimulation, test preparations were washed
10 times with the working solution for 20 min. Then, basal contractility was estimated
for each dose of NPY. The force and duration of NPY-induced contractions were ex-
pressed in percent of the basal level.
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The following chemicals were used in the experiments: neuropeptide Y, Leu31,
and Pro34-neuropeptide Y (Tocris). All chemicals were dissolved in distilled water
and applied by micropipette directly into an organ bath.

The results of the experiments are expressed as means + SEM of at least four ex-
periments using atrial strips from different rats. Statistical significance was assessed
by Student’s t test for comparison of two groups. AP value of 0.05 or less was con-
sidered to be statistically significant.

Results

Electrical activity experiments. The effect of the nonselective NPY receptors
agonist neuropeptide Y on the parameters of the membrane potential and action po-
tential at 10°~10° M concentrations was investigated. We established that NPY
causes a concentration-dependent change in the electrical activity of the myocardium
of the right atrium of rats.

NPY at a concentration of 10* M causes only insignificant changes in the pa-
rameters under study.

With the application of NPY at a concentration of 10”M, pronounced changes in
the electrical activity occurred in the rat atrial myocardium. In the preparations working
in their spontaneous rhythm, a decrease in the membrane potential and the duration
of the depolarization phase by 14% (p < 0.05, n = 9) was observed against the back-
ground of NPY. The amplitude of the action potential increased by 22% (p < 0.05).
The duration of the action potential by the 15th min at level 20, 50, and 90% of the
repolarization phase increased by 9%, 8%, and 10%, respectively (Table 1, Fig. 1).

Table 1. Effect of neuropeptide Y (107M) on the electrical activity of the right atrium of
the working myocardium

MP AAP DD DPD 20% | DPD 50% | DPD 90%
Control | —752+3.2 | 98.9+13.2 | 0.21£0.02 43+0.2 7.6 0.2 249+3.1
NPY | 642+34 |1120.6+11.1] 0.18+0.02 4.7+£0.2 8.3+0.3 27.6+4.1

The increase in the duration of the action potential was accompanied by a slow-
down in the spontaneous rhythm. The frequency of occurrence of the action potential
decreased to 7 min from 302 £ 15 to 256 £+ 12 per min. (p <0.05, n=9), which is
15% of the original. By the 15th min, the frequency of occurrence of the action po-
tential was 309 + 21 per min. Thus, in contrast to the parameters of the membrane
potential and the action potential, the increase in the frequency of spontaneous activity
was short-term and by the 15th min equal to the initial values.

The increase in the duration of the action potential was accompanied by a slow-
down in the spontaneous rhythm. The frequency of occurrence of the action potential
decreased by the 7th min from 302 + 15 to 256 + 12 per min (p < 0.05), which is
15% of the original value. By the 15th min, the frequency of occurrence of the action
potential was 309 £ 21 per min. Thus, in contrast to the parameters of the membrane
potential and the action potential, the increase in the frequency of spontaneous activity
was short-term and by the 15th min equal to the initial values.
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Fig. 1. Effect of neuropeptide Y (10~ M) on the electrical activity the right atrium of the working
myocardium

The addition of neuropeptide Y at a concentration of 10°® M caused a decrease in
the membrane potential by 12% (p < 0.05). The duration of the depolarization phase
by the 15th min reduced by 18% (p <0.05). The amplitude of the action potential
increased by 23% (p < 0.05). The duration of the action potential by the 15th min at
the level of 20, 50, and 90% of the repolarization phase increased by 8%, 10%, and
14% (p < 0.05).

The frequency of occurrence of the action potential varied unidirectionally and
by the 15th min decreased from 296 = 37 to 183 + 24 (p < 0.01) per min, which cor-
responds to 38%.

Thus, the activation of NPY-receptors of right atrial cardiomyocytes with NPY led
to changes of MP and the amplitude-time parameters of the action potential.

The agonist of NPY -receptors, Leo(31)Pro(34)NPY, at a concentration of 10°* M
did not cause significant changes in the parameters of the membrane potential and
the action potential.

The application of Leo(31)Pro(34)NPY at a concentration 10’ M did not cause any
change in the membrane potential and the amplitude of the action potential. The dura-
tion of the depolarization phase decreased by 14.7% (p < 0.05). The duration of the ac-
tion potential by the 15th min at the level of 20% of the repolarization phase increased
by 19% (p <0.05), at the level of 50% by 13% (p <0.05), and at the level of 90% by
7% (p <0.05).

The frequency of occurrence of the action potential by the 15th min decreased
from 285 + 26 to 256 + 19 (p < 0.01) per min, which corresponds to 10% (Fig. 2).

The agonist of NPY |-receptors, Leo(31)Pro(34)NPY, at a concentration of 10° M
caused a decrease in the membrane potential by 9% (p < 0.05). The duration of the de-
polarization phase decreased by 19% (p < 0.05; n =8). The amplitude of the action
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Fig. 2. Effect of Leo(31)Pro(34)NPY (10”7 M) on the electrical activity of the right atrium of
the working myocardium

potential increased by 4%. The duration of the action potential at the level of 20% of
repolarization varied unidirectionally and by the 7th—15th minute phase increased by
19% (p < 0.05).

The duration of the action potential at the level of 50 and 90% of the repolarization
phase in the 7th min decreased by 32 and 35%, respectively. By the 15th min, it was
equal to the initial value of the duration of the action potential at the level of 50% of
the repolarization phase.

The frequency of occurrence of the action potential by the 7th min decreased
from 282 + 24 to 246 + 21 per min, which corresponds to 13% (p <0.01), and was
equal to the initial values by the 15th min of the agonist application.

Contraction experiments. The effect of a nonselective NPY agonist on myo-
cardial contractility in rats of various age groups was studied to confirm the presence
of functionally active receptors for NPY in the myocardium. NPY at concentrations
of 10'°-10° M had a dose-dependent effect and induced the contraction of myocar-
dial strips from the atria and ventricles of 100-day-old animals.

NPY at the specified concentrations had little effect on the force and duration of
contractions of myocardial strips from the atria and ventricles of 100-day-old animals.

To confirm the presence of functionally active NPY receptors in the myocardium,
the effect of the selective NPY | receptor agonist, Leu(31)Pro(34)NPY, on myocardial
contractility in 100-day-old rats was studied in a special series of experiments. This
agonist at a concentration range of 1010 M induced dose-dependent contractions
of the atrial and ventricular strips. At a concentration of 10~ M, Leu(31)Pro(34)NPY
induced a significant positive inotropic effect on atrial and ventricular myocardial
strips, the respective increments of contractile force being 7.7 £3.2% (p <0.05;
n=10) and 6.6 + 2.8% (n = 8). The duration of isometric contraction of both types of
the strips did not change significantly. We observed an insignificant increase in con-
traction time, relaxation rate, and relaxation time accompanied by a decrease in the
contraction rate in both the atrial and ventricular strips (Fig. 3).
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Fig. 3. Effect of Leo(31)Pro(34)NPY (10~” M) on myocardial contractility

The agonist applied at the concentrations of 10'°, 10, 10°°, 10°°, and 10° M
produced no significant effect on the parameters of contractile activity of myocardial
strips (Fig. 3). At this concentration range, Leu(31)Pro(34)NPY induced no signifi-
cant changes in the duration of isometric contraction of myocardial strips.

Discussion

The effects of NPY on the cardiac function are mostly similar among species, but
sometimes they can differ. Therefore, a comparative biological study is needed for
a systematical understanding of NPY functions in the heart. Although, rats are com-
monly used as experimental animals, there has been no functional study of the effect
of NPY on the cardiac contraction in rats.

In the peripheral nervous system, NPY is stored and released along with cate-
cholamine (neurotransmitters of sympathetic nerves) and plays important roles in
the cardiovascular system, such as regulation of vascular tone and cardiac contractility,
through activation of various pathways, including direct action on cardiomyocytes
and regulation of autonomic nervous function (cholinergic and adrenergic neurons).

It is known that many ion channels participate in the formation of the cardiomyo-
cyte action potential. Our data on the reduction of the membrane potential for the ap-
plication of NPY can be explained by the modification of the K-channels of rest.
The change of the amplitude-time parameters of the action potential on the effect of
NPY can be explained by a change in the kinetics of the Na- and Ca-cardiomyocytes
channels. The delay of the repolarization phase is possibly associated with changes
in the kinetics of the potential-dependent K-channels, which lead to a decrease in
the total K-current. The change in the frequency of spontaneous rhythm indicates that
NPY has an effect on atypical cardiomyocytes, which is possibly related to the modi-
fication of Ca-channels and If-currents.

In this study, it was found that NPY has negative inotropic and chronotropic ac-
tions through activation of the NPY receptor in the rat atrium. These results suggest
that the NPY Y, receptor has a regulatory role in the electrical activity and contrac-
tion of the rat heart.
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We revealed that NPY has negative inotropic actions. The selective Y receptor
agonist, Leu31(Pro34)NPY, had positive inotropic actions, because the NPY recep-
tor couples with Gi/o, which is a pertussis toxin-sensitive G protein. The pharmaco-
logical evidences indicated involvement of the NPY, receptor in the positive ino-
tropic actions.
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Biausinue Heliponentuaa Y
HA JJIeKTPUYECKYI0 AKTUBHOCTb H COKPAaTHMOCTh MHOKapaa

A.A. 3eepeel, T.A. AHuk'MHal, HI. chakoel, A.B. Kpbmoeal,
II.M. Macniokog®, K.I1. T uMMepMch3, T.J1. 3epupos’

1 . . .
Kazanckuii (Ilpusonscckuil) gpedepanvhbiii ynugepcumem, 2. Kazanw, 420008, Poccus
b . . °
Apocnasckuil 2ocydapcmeennblil Meouyunckul ynueepcumem, Apocnasns, 150000, Poccus
“Anmeepnenckuil ynueepcumem, Aumeepnen, 2000, Benveus

AHHOTANMSA

Ha ocHoBe neliponentuaa Y u cenektuBHoro aronucra Leu (31)Pro(34)NPY ycranoieH Tum
NPY-perenTopoB, ONpeAensioNX MEKTPHIECKYI0 aKTHBHOCTh M COKPAaTMMOCTh MHOKAapAa y KpBIC.
OKCIepUMEHTAIFHOE HCCIEI0BAHUE MIEKTPUIESCKON aKTHBHOCTH IIPABOTO TPeCepaAns KPhIC MOKa3ao,
gto HeliponenTun Y u Leu (31)Pro (34)NPY oka3bIBaloT OTpUIIATEIFHOE HHOTPOITHOE M XPOHOTPOITHOE
neiicTBre mocpeacTBoM aktuBanmu NPY-penentopa. AxktuBanus NPY-penentopoB KapIHOMHOITOB
MPaBOTO MpeAcepaAus HeifponenTuaoM Y MPHBOJUT K N3MEHEHUIO MEMOPAaHHOTO TOTEHINANa U aMIUIH-
TYAHO-BPEMEHHBIX IapaMeTpoB MOTEHIHana JeicTBHs. ONBITH C IMOJOCKaMH MHOKap/a MOKa3ald, 4To
Hanbosee cunbHOe aeiictBue Heiiponentuaa Y u Leu (31)Pro(34)NPY nHabmronanock mpu KOHIIEHTpa-
wun 107 M. B sroii konnentpamuu Leu(31)Pro(34)NPY uMen HaubONbIIHil MOTOKUTETbHBIA HHO-
TponHbIi A deKT Ha COKpaleHUe PEICEPANs U HKEITYT0UKOB.

KiroueBrble ciioBa: Heﬁponem‘m{ Y, NOoTCHIIMAJT ﬂeﬁCTBHﬂ, COKPaTUMOCTD, KPBIChI

[Toctynuna B pegaxkuuio
25.06.18
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