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Abstract. In the present study, we investigated the effect of a1-adrenergic receptor stimulation on the electrical activity
of the right atrium cardiomyocytes with imposed rhythm in rats of different ages using methoxamine and methoxamine
against the background of selective blockade of phospholipase C inhibitor (U-73122). Methoxamine increased the du-
ration of the repolarization phase of the action potential. However, there were no changes in the other electrophysiolog-
ical parameters studied. U-73122 markedly blocked all effects of a1-adrenoreceptor stimulation on the parameters of
the electrical activity of working cardiomyocytes in 7-, 21-, and 100-day-old rats.
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List of Abbreviations

AR — Adrenergic receptor

APD — action potential duration

PLC — Phospholipase C

PIP2, — phosphatidylinositol 4,5-bisphos-
phate

IPs — inositol 1,4,5-triphosphate

DAG - diacylglycerol

PKC- Protein Kinase C

MAPK — Mitogen-Activated Protein Kinase

P13K — Phosphatidylinositol 3-Kinase

Introduction

The transmembrane proteins known as al-
pha-1 adrenergic receptors have an extracellu-
lar N-terminal domain and seven helical do-
mains. Stimulation of al-adrenoceptors has
been reported to have acute effects, such as
rapid regulatory changes in the contractile func-
tion and electrophysiological properties of car-
diac muscle cells. It also has long-term effects
on cardiac structure and function, including cel-
lular hypertrophy, gene transcription, protein
synthesis, and regulation of apoptosis (Wood-
cock, 2007; Ichishima et al., 2010).

There are three subtypes of alpha-1 adrener-
gic receptors: alpha-1A, alpha-1B, and alpha-
1D, each with distinct tissue distributions and
physiological functions. Activation of alpha-1
adrenergic receptors by agonists, such as nore-
pinephrine, initiates several intracellular signal-

ling pathways that involve coupling to G pro-
teins of the Gg/11 family, followed by activa-
tion of a phospholipase Cp (PLCp). This acti-
vation leads to the cleavage of phosphatidylin-
ositol 4,5-bisphosphate (PIP2) into inositol
1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG), thereby triggering the PLC-IPs path-
way (Hein & Michel, 2007). The calcium-sen-
sitive enzyme protein kinase C (PKC) is acti-
vated when [Pz binds to its receptor on the en-
doplasmic reticulum, causing the release of
Ca?" into the cytoplasm. Several transcription
factors that control gene expression are acti-
vated by the PKC pathway. The control of cell
division and proliferation is facilitated by the
MAPK pathway, while cell survival and apop-
tosis are regulated by the PI3K pathway (O'con-
nell et al., 2013; Bogoyevitch et al., 1996).

In recent years, substantial advancements
have been made in understanding the molecular
properties and functional implications of the
al-adrenergic receptor (al-AR) subtypes, de-
rived from both in vitro and in vivo studies.
While numerous investigations have concen-
trated on individual receptor subtypes, only a
limited number have sought to compare the be-
haviors of different receptors under similar ex-
perimental conditions (Cotecchia, 2011). Re-
cent research has highlighted the pivotal role of
al-adrenergic receptors in the maintenance of
cardiac function. Although al-ARs are less

Opera Med Physiol. 2024. Vol. 11 (3) | 49



prevalent in the heart compared to p1-
adrenergic receptors, the activation of cardiac
al-ARs triggers significant biological pro-
cesses. The nonselective blockade of al-ARs is
associated with a twofold increase in adverse
cardiac events, including heart failure and an-
gina, suggesting that al-AR activation may
confer cardioprotective benefits in humans.
This observation underscores a potential cardi-
oprotective role for the stimulation of alA-
ARs, thus indicating a shift in paradigm from
solely adrenergic blockade to a more compre-
hensive approach of adrenergic modulation
(Zhang et al., 2021).

Methoxamine is a well-known al-
adrenoceptor agonist, clinically used as a
longer-acting analogue of epinephrine (Ko-
hutova et al., 2023). The stimulation of ol-
adrenoreceptors by methoxamine in rats results
in a decreased contraction rate of the isolated
adult rat heart. Furthermore, the intravenous ad-
ministration of methoxamine induces cardiac
bradycardia throughout the organism (Zefirov
etal., 2016). In newborn rats, stimulation of a.1-
adrenergic receptors, irrespective of methox-
amine concentration, leads to a negative ino-
tropic response in both the atrial and ventricular
myocardium (Khabibrakhmanov et al., 2020).

The activation of al-adrenergic receptors by
methoxamine also significantly affects the stud-
ied electrophysiological parameters. In new-
born rats, the al-adrenergic agonist methox-
amine increased the duration of the repolariza-
tion phase of the action potential under both im-
posed and intrinsic rhythms (Mansour et al.,
2023). Conversely, in adult rats, methoxamine
exhibited a dual effect on repolarization dura-
tion; it increased the duration with an imposed
rhythm while decreasing it in the presence of
intrinsic rhythms (Mansour et al., 2023).

Increasing evidence suggests that the diverse
functional effects mediated by al-ARs across
different organs likely indicate the activation of
multiple signaling pathways, particularly
through phospholipase C (PLC) via Gg/11 sig-
naling. The initial discovery of U-73122 as a
PLC inhibitor by Bleasdale, Smith, and col-
leagues (Bleasdale et al., 1990; Smith et al.,
1990) provided a valuable tool for assessing the
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contribution of PLC to cellular signaling path-
ways in various cell types (Hollywood et al.,
2010). Substantial progress has been made in
elucidating the molecular mechanisms underly-
ing G protein-dependent PLC activation; how-
ever, further investigations are necessary to
comprehensively clarify these mechanisms
(Chandan et al., 2022).

The adrenergic regulation of a newborn rat’s
heart features immature sympathetic innerva-
tion, in contrast to that of an adult rat. At 21
days old, rats exhibit the onset of adrenergic in-
nervation of the heart, accompanied by an in-
crease in heart rate. Therefore, studies on ani-
mals of different ages are of particular interest
(Ziyatdinova et al., 2019; Khabibrakhmanov et
al., 2020).

While previous research has focused on al-
adrenergic receptor stimulation in adult or new-
born rats, our study investigates these effects
across different developmental stages. We con-
sider these age groups in relation to the devel-
opment of sympathetic innervation. Although
the role of al-adrenergic receptors is well-
known, the involvement of phospholipase C
(PLC) in these effects remains less clear. Stud-
ying methoxamine in the presence of U-73122
could help elucidate the importance of PLC in
modulating the electrical activity of cardiomy-
ocytes in rats of different ages upon stimulation
of al-adrenergic receptors, thereby offering a
deeper understanding of the intracellular path-
ways involved. This knowledge is vital for de-
veloping age-specific therapies and understand-
ing heart development.

Our study aimed to investigate the role of
phospholipase C in the effects caused by selec-
tive stimulation of al-adrenergic receptors on
the parameters of myocardial electrical activity
in rats of different ages with imposed rhythm.

Materials and Methods

The study was conducted on 7-day-old
(newborn; n =20), 21-day-old (n = 20) and 100-
day-old (adult; n = 15) albino rats using micro-
electrode technology. The experimental proto-
col was approved by the Ethics Committee of
Kazan Federal University (Protocol No. 39 of
December 22, 2022). After anesthesia with ure-
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thane (25%), the chest was opened, and the
heart was excised and transferred to a Petri dish.
An isolated right atrial myocardium with a pre-
served sinus node and spontaneous activity was
prepared. During the experiment, the right atrial
preparation was continuously perfused with a
solution containing (in mM): NaCl, 133.47;
KCI, 4.69; NaH2P0O4.2H20, 1.35; NaHCO3,
16.31; MgS04.7H20, 1.18; CaCl2.2H20, 2.5;
glucose, 7.77, and saturated with carbogen
(95% 02, 5% CO2), at pH 7.2 —7.4 and a tem-
perature of 37+1 °C. The experiments were per-
formed under imposed rhythm; atria were stim-
ulated using platinum electrodes at a rate of 150
beats per minute. Intracellular action potentials
were recorded via glass microelectrodes with a
resistance of 25-60 MQ. After a waiting period
of 35-40 minutes for the preparation to adapt,
control signals were recorded. Subsequently,
the alpha-1-adrenergic agonist methoxamine
(Tocris) was dissolved in the working solution
at a concentration of 10 M for data registra-
tion. To investigate the role of phospholipase C
(PLC) in the effects caused by stimulation of
al-adrenergic receptors with methoxamine, ex-
periments were conducted using the phospho-
lipase C inhibitor: U-73122 (10 uM). U-73122
(Tocris) was initially dissolved in DMSO as a
stock solution and then diluted to achieve the
final concentration in the working solution. To
study the stimulation of alphal-adrenergic re-
ceptors by methoxamine in the presence of U-
73122 blockade, control signals were recorded
first, followed by the addition of U-73122 (10
uM) to the working solution. After 20 minutes,
methoxamine (10 M) was added. The concen-
trations used were based on previous experi-
ments. Signals were recorded using the Elph 3.0
software. The parameters measured included
the membrane potential, action potential, dura-
tion of depolarization, amplitude of the action
potential, and duration of the action potential at
20% (APD 20%), 50% (APD 50%), and 90%
(APD 90%) of the repolarization phase. Statis-
tical significance was assessed using one-way
ANOVA. The results of the experiments are ex-
pressed as mean =+ standard error of the mean,
with differences considered statistically signif-
icant at p < 0.05.

Results

Effect of al-adrenergic receptor stimulation
with methoxamine and methoxamine in the
presence of U-73122 on the parameters of the
electrical activity of working cardiomyocytes in
7-day-old rats with imposed rhythm: Methox-
amine at a concentration of 108 M (n = 10) in-
creased the duration of the action potential at
APD 20%, APD 50%, and APD 90% by 56.9%
(p < 0.01), 53.8% (p < 0.01), and 40.3% (p <
0.01), respectively, while the duration of depo-
larization phase did not change. The values of
the amplitude of the action potential and the
membrane potential did not change.

The next series of experiments aimed to
study the stimulation of al-adrenergic recep-
tors with methoxamine in the presence of U-
73122 on the parameters of the electrical activ-
ity of working cardiomyocytes in newborn rats
with imposed rhythm (n = 10). U-73122 (10
uM) alone did not have a significant effect on
the studied electrophysiological parameters. In
the presence of U-73122 (10 puM), methox-
amine (10® M) did not change the membrane
potential, the amplitude of the action potential,
the duration of the depolarization phase, or the
duration of the action potential at APD 20%,
APD 50%, or APD 90% of the repolarization
phase (Fig. 1, 2).

Effect of al-adrenergic receptor stimulation
with methoxamine and methoxamine in the
presence of U-73122 on the parameters of the
electrical activity of working cardiomyocytes in
21-day-old rats with imposed rhythm:
Methoxamine at a concentration of 10% M
(n =10) increased the duration of the action po-
tential at APD 20%, APD 50%, and APD 90%
by 56.5% (p < 0.01), 54.5% (p < 0.01), and
36.8% (p < 0.01), respectively, while the dura-
tion of the depolarization phase did not change.
The amplitude of the action potential and the
membrane potential also did not change.
U-73122 (10 uM) alone did not have a signifi-
cant effect on the studied electrophysiological
parameters of working cardiomyocytes in 21-
day-old rats with imposed rhythm. In the pres-
ence of U-73122 (10 uM), methoxamine
(108 M) (n = 10) in 21-day-old rats did not
change the membrane potential, the amplitude
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of the action potential, the duration of the depo-
larization phase, or the duration of the action
potential at APD 20%, APD 50%, or APD 90%
of the repolarization phase (Fig. 3, 4).

Effect of al-adrenergic receptor stimulation
with methoxamine and methoxamine in the
presence of U-73122 on the parameters of the
electrical activity of working cardiomyocytes in
100-day-old rats with imposed rhythm:

Methoxamine at a concentration of 108 M (n =
= 8) increased the duration of the action poten-
tial at APD 20%, APD 50%, and APD 90% by
20.5% (p < 0.01), 23.9% (p < 0.01), and 8.2%
(p < 0.01), respectively, while the duration of
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the depolarization phase did not change. The
values of the amplitude of the action potential
and membrane potential also did not change.

U-73122 (10 uM) alone did not have a sig-
nificant effect on the studied electrophysiologi-
cal parameters of working cardiomyocytes in
100-day-old rats with imposed rhythm. In the
presence of U-73122 (10 uM), methoxamine
(10® M) (n=7) in 100-day-old rats did not alter
the membrane potential, the amplitude of the
action potential, the duration of the depolariza-
tion phase, or the duration of the action poten-
tial at APD 20%, APD 50%, or APD 90% of the
repolarization phase (Fig. 5, 6).

=== Methoxamine 10-8 M

=== Methoxamine 10-8 M+U-73122 10u M

Fig.1. Original recordings of action potentials (AP) of working cardiomyocytes in the right atrium of 7-day-
old rats under imposed rhythm upon stimulation of al-adrenoceptors with methoxamine 10 M (A) and in
the presence of PLC blockade with U-73122 (10 uM) (B)
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Fig. 2. Percentage effects of methoxamine (108 M) (n = 10) and methoxamine (108 M) + U-73122 (10p M)
(n = 10) on amplitude-time parameters in 7-day-old rats under imposed rhythm (note *- p < 0.05, **- p < 0.01)
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Fig. 3. Original recordings of action potentials (AP) of working cardiomyocytes in the right atrium of 21-
day-old rats under imposed rhythm upon stimulation of o1-adrenoceptors with methoxamine 10 M (A) and
in the presence of PLC blockade with U-73122 (10 uM) (B)
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Fig.4. Percentage effects of methoxamine (108 M) (n = 10) and methoxamine (108 M) + U-73122 (10 uM) (n =
=10) on amplitude-time parameters in 21-day-old rats under imposed rhythm (note *- p < 0.05, **- p < 0.01)
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Fig.5. Original recordings of action potentials (AP) of working cardiomyocytes in the right atrium of 100-
day-old rats under imposed rhythm upon stimulation of a1-adrenoceptors with methoxamine 10 M (A) and
in the presence of PLC blockade with U-73122 (10 uM) (B)
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Fig. 6. Percentage effects of methoxamine (108 M) (n = 8) and methoxamine (108M) + U-73122 (10 uM) (n=7)
on amplitude-time parameters in 100-day-old rats under imposed rhythm (note * — p < 0.05, ** — p < 0.01)

Discussion

In our experiments, we observed the effect
of stimulating al-adrenergic receptors with
methoxamine, both alone and in the presence of
the selective phospholipase C inhibitor U-
73122, on the electrical activity parameters of
working cardiomyocytes in rats of different
ages under imposed rhythm conditions. The al1-
AR agonist methoxamine made changes in the
pattern of atrial myocardial electrical activity in
7-, 21- and 100-day-old rats by increasing the
repolarization phase of the action potential at
levels of APD 20%, APD 50%, and APD 90%.
The maximum changes were observed in new-
born rats, and the minimum were noted in adult
rats. However, there were no changes in the
membrane potential, amplitude of the action
potential, or duration of the depolarization
phase.

The electrical activity of the myocardium is
manifested in the form of action potentials, re-
flecting the activation (and inactivation) of the
depolarizing (Na*, Ca?*) and repolarizing (K*)
current channels (Nerbonne & Kass, 2005).
Furthermore, U-73122 is an aminosteroid re-
ported to act as a specific inhibitor of phospho-
lipase C, and has become an important tool in
establishing the link between phospholipase C
activation and cellular Ca?* signalling (Mogami
etal., 1997). In the presence of U-73122, meth-
oxamine treatment in rats of different ages did

not change the membrane potential, amplitude
of the action potential, duration of the depolar-
ization phase, or the duration of the action po-
tential at APD 20%, APD 50%, or APD 90% of
the repolarization phase compared to the con-
trol. Methoxamine in the presence of U-73122
markedly blocked all effects of al-
adrenoreceptor stimulation on the parameters of
the electrical activity of working cardiomyo-
cytes in 7-, 21-, and 100-day-old rats.

Conclusion

Thus, we conclude that stimulation of al-
adrenoreceptors by methoxamine changes the
pattern of electrical activity of the right atrial car-
diomyocytes under imposed rhythm by activating
the PLC signalling cascade. In rats of different
ages, methoxamine increased the duration of the
repolarization phase of the action potential. How-
ever, when methoxamine was used in the pres-
ence of U-73122, these effects were markedly
blocked. Additionally, the application of methox-
amine, both alone and in the presence of U-
73122, did not induce changes in membrane po-
tential, amplitude, or duration of the depolariza-
tion phase of the action potential. Our study sig-
nificantly advances the understanding of age-re-
lated and molecular aspects of al-adrenergic re-
ceptor signaling in cardio-myocytes, bridging a
key gap in developmental cardiac physiology and
paving the way for targeted therapies. It high-
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