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Abstract. This study investigates the effects of the al-adrenergic receptor agonist methoxamine at various concentra-
tions (107° to 10°® M) on the frequency and characteristics of spontaneous action potentials in right atrial preparations
of newborn and adult rats. In newborn rats, methoxamine at all studied concentrations significantly increased the dura-
tion of the action potential repolarization phase, while in adult rats, decreasing it. Interestingly, in adult rats, methox-
amine at a concentration of (10~¢ M), exhibited a dual effect, decreasing the duration of the action potential repolariza-
tion phase in some samples while increasing it in others. Stimulation of o1-adrenergic receptors by methoxamine in
working cardiomyocytes of the right atrium in both age groups led to an increase in the frequency of action potential
generation; however, this effect was more pronounced in newborn rats. These findings highlight the age-dependent
effects of al-adrenergic receptor stimulation on cardiac electrical activity, suggesting that the mechanisms underlying

these responses may differ significantly between newborn and adult rats.
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List of Abbreviations

AR — Adrenergic receptor

GPCRGs — protein-coupled receptors

APD - action potential duration

PLC — Phospholipase C

PIP> — phosphatidylinositol 4,5-bisphos-
phate

IPs — inositol 1,4,5-triphosphate

DAG — diacylglycerol

PKC — Protein Kinase C

P13K — Phosphatidylinositol 3-Kinase

Introduction

Adrenoceptors have played a crucial role in
the history of pharmacology. They were essen-
tial components of the research that led to the
Nobel Prize in Physiology or Medicine in 1988
and 1994, as well as the Nobel Prize in Chem-
istry in 2012. These prizes highlighted the sig-
nificant roles that adrenoceptors have played in
our understanding of GPCRs function and the
evolution of rational drug discovery. The nearly
ubiquitous expression of adrenoceptors and
their pleiotropic responses have resulted in the
development of successful drugs for a myriad
of diseases (Michel et al., 2019).

Adrenoceptors are classified into three main
types: a1, a2, and B, each of which has three sub-
types. The three subtypes of ai-adrenoceptors

are a1A, o1B, and a1D, each exhibiting unique
tissue distributions and physiological roles.
When activated by agonists such as norepi-
nephrine, these receptors initiate a cascade of
intracellular signaling pathways involving cou-
pling to G proteins from the Gg/11 family, sub-
sequently activating phospholipase C (PLC).
This activation leads to the formation of two
products: inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG), thereby triggering the
PLC-IP3 pathway (Hein & Michel, 2007). The
binding of IP3 to its receptor on the endoplasmic
reticulum activates the calcium-sensitive en-
zyme protein kinase C (PKC), leading to the re-
lease of Ca®" into the cytoplasm. Six PKC
isoforms have been detected in neonatal rat car-
diomyocytes (Disatnik et al., 1994). In adult
rats, only three isoforms remain in the myocar-
dium, while the other PKC isoforms disappear
with age (Pucéat et al., 1994). PKC is also con-
sidered an important regulator of the IKs cur-
rent channels. Activation of PKC leads to a re-
duction in the IKs current in both mouse and rat
myocytes. PKC influences other potassium cur-
rents found in cardiomyocytes. The phosphory-
lation of the Na/Ca exchanger by protein ki-
nases enhances its activity. Furthermore, PKC
interacts with various targets, including - AR
kinases, muscarinic receptors, transcription fac-
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tors, genes, and many others (Steinberg, 2012;
Gada & Logothetis, 2022).

Methoxamine is a well-known a1-AR ago-
nist, clinically used as a longer-acting analogue
of epinephrine (Kohutova et al., 2023). Stimu-
lation az:-AR with methoxamine in the isolated
heart of adult rats induces gradually developing
bradycardia, which progresses over several
minutes. In vivo, similar stimulation produces a
short-term bradycardia, likely terminated by
compensatory mechanisms in the organism
(Zefirov et al., 2016). Studies have shown that
the negative effects of a:-AR stimulation on
heart chronotropy exhibit age-related features.
Specifically, stimulation of a:-ARs with meth-
oxamine leads to bradycardia in isolated hearts
of rats starting from the third week of postnatal
ontogenesis, while it does not affect the new-
born rats chronotropy. The absence of a chro-
notropic response in newborn rat pups may be
attributed to the underdeveloped adrenergic in-
nervation of the heart at this age, which impacts
the density and maturity of the studied receptors
(Khabibrakhmanov et al., 2019). In newborn
rats, adrenergic regulation of the heart is char-
acterized by immature sympathetic innervation,
in contrast to adult rats. The age of 21 days
marks the beginning of adrenergic innervation
formation in the rat heart. This difference un-
derscores the importance of conducting studies
on animals of various ages (Robinson, 1996).
Furthermore, the activation of a1-ARs by meth-
oxamine significantly affects the studied elec-
trophysiological parameters. In newborn rats,
methoxamine increased the duration of the re-
polarization phase of the action potential under
imposed rhythms (Mansour et al., 2023), as it
did in adult rats (Mansour et al., 2023). The
stimulation of al-adrenergic receptors by meth-
oxamine alters the pattern of electrical activity
in right atrial cardiomyocytes under imposed
rhythms by activating the phospholipase C
(PLC) signaling cascade (Mansour et al., 2024).

Understanding the effects of different con-
centrations of methoxamine is crucial for eluci-
dating the dose-response relationship and the
physiological implications of al-adrenergic re-
ceptor activation. Variations in concentration
can lead to distinct effects on cardiac function;
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for instance, lower concentrations may enhance
parameters such as action potential duration
and frequency of spontaneous activity, while
higher concentrations may produce opposing
effects or exhibit a dual response. By investi-
gating a range of concentrations, researchers
can identify the thresholds at which these
changes occur and better understand the under-
lying mechanisms of adrenergic regulation in
the heart. Moreover, studying the effects of
methoxamine across different age groups is es-
sential, as the physiological responses to adren-
ergic stimulation can vary significantly with de-
velopment. This age-related variability is par-
ticularly important for understanding how car-
diac function matures and how it may be af-
fected by pharmacological agents.

Our study aimed to investigate the effects of
the az-adrenergic receptor agonist methox-
amine at various concentrations on the fre-
quency of action potentials and the electrical
activity parameters of right atrial cardiomyo-
cytes with preserved sinus nodes and spontane-
ous activity in 7- and 100-day-old rats.

Materials and Methods

The experimental protocol was approved by
the Ethics Committee of Kazan Federal Univer-
sity (Protocol No. 39 of December 22, 2022).
In this study, a total of 87 animals were used:
7-day-old (newborn) albino rats (n = 40) and
100-day-old (adult) albino rats (n = 47), utiliz-
ing microelectrode technology. The selection of
age groups was based on the significant differ-
ences in adrenergic regulation of the heart ob-
served between newborn and adult rats. After
anesthesia with urethane (25%), the chest was
opened, and the heart was excised and trans-
ferred to a Petri dish. An isolated right atrial
myocardium with a preserved sinus node and
spontaneous activity was prepared. During the
experiment, the right atrial preparation was
continuously perfused with a Tyrode solution
containing: 7.54 g/l NaCl; 0.3 g/l KCI; 0.134 g/I
CaCly; 0.06 g/l MgSO4; 0.14g/l NaH2PO4; 1.68
g/l NaHCOs; 0.9 g/l of glucose, and saturated
with carbogen (95% Oz, 5% COy), at pH 7.2 —
7.4 and a temperature of 37 + 1 °C. Intracellular
action potentials were recorded via glass micro-
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electrodes with a resistance of 25-60 MQ and
tip diameter <1 pm which were made on the day
of the experiment on a horizontal puller P-1000
(“Sutter Instruments”). After a waiting period
of 35-40 minutes for the preparation to adapt,
control signals were recorded. Subsequently,
the a1 AR agonist methoxamine (Tocris) was
dissolved in the working solution at the concen-
trations (10°¢ M) for data registration. 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 the action potential duration at
20% (APDg2), 50% (APDso), and 90%
(APDgo) of the repolarization phase. Statisti-
cal analysis of the obtained results was per-
formed using GraphPad Prism 9. The normal
distribution was assessed using the Shapiro-
Wilk test. The significance of differences was
evaluated using Multiple paired t-tests. Dif-
ferences were considered statistically signifi-
cant at p < 0.05.

Results

The effect of a1-AR stimulation on the elec-
trical activity parameters of working cardiomy-
ocytes in 7-day-old rats with preserved sinus
nodes and spontaneous activity

The application of methoxamine at a con-
centration of (10° M, n = 10, Fig. 1) increased
the frequency of spontaneous activity by 12.3%
(p < 0.01). The duration of the repolarization
phase of AP at the level of 20% (APD2o), 50%
(APDso) and 90% (APDgo) increased by 29.8%
(p < 0.01), 28.6% (p < 0.01), and 17%
(p < 0.01), respectively.

At a concentration of (10 M, n = 10,
Fig. 1), methoxamine increased the frequency
of spontaneous activity by 42% (p <0.001). The
duration of the repolarization phase of AP at the
level of 20% (APD2o), 50% (APDso) and 90%
(APDgo) increased by 43.5% (p < 0.001), 40%
(p <0.001), and 27% (p < 0.001), respectively.

Methoxamine at a concentration of (1077 M,
n =10, Fig. 1) increased the frequency of spon-
taneous activity by 31.2% (p < 0.05). The dura-
tion of the repolarization phase of AP at the
level of 20% (APD2o), 50% (APDso) and 90%

(APDgo) increased by 42% (p < 0.01), 30%
(p < 0.05), and 26% (p < 0.05), respectively.

At a concentration of (10°° M, n = 10,
Fig. 1), methoxamine increased the frequency of
spontaneous activity by 29.9% (p < 0.01). The
duration of the repolarization phase of AP at the
level of 20% (APD2o), 50% (APDso) and 90%
(APDg) increased by 41% (p < 0.01), 30.6% (p
<0.01), and 19.5% (p < 0.05), respectively.

In 7-day-old rats, methoxamine at all tested
concentrations did not affect the membrane po-
tential, the amplitude of the action potential, or
the duration of the depolarization phase.

The effect of a:-AR stimulation on the elec-
trical activity parameters of working cardiomy-
ocytes in 100-day-old rats with preserved sinus
nodes and spontaneous activity

The application of methoxamine at a con-
centration of (10° M, n = 10, Fig. 2) in 100-
day-old rats increased the frequency of sponta-
neous activity by 6.9% (p < 0.001). The action
potential duration at APD2o, APDso, and APDgo
of the repolarization phase decreased by 15.1%
(p < 0.05), 20.5% (p < 0.05), and 23.4% (p <
0.05), respectively.

At a concentration of (10® M, n = 10,
Fig. 2), methoxamine increased the frequency of
spontaneous activity by 9.9% (p < 0.001). The
duration of the repolarization phase of AP at the
level of 20% (APD2o), 50% (APDsp) and 90%
(APDgo) decreased by 27.5% (p < 0.01), 23.1%
(p <0.001), and 16% (p < 0.01), respectively.

Methoxamine at a concentration of (1077 M,
n =10, Fig. 2) increased the frequency of spon-
taneous activity by 10.3% (p < 0.01). The dura-
tion of the repolarization phase of AP at the
level of 20% (APD2o), 50% (APDso) and 90%
(APDgo) decreased by 17.1% (p < 0.05), 14.6%
(p < 0.05), and 14%, respectively.

At a concentration of (10°¢ M), methox-
amine had divergent effects on the electrical ac-
tivity of the atrial myocardium in 100-day-old
rats. In the first group (n = 9, Fig. 2) the dura-
tion of the repolarization phase of AP at the
level of 20% (APD2o), 50% (APDsg) and 90%
(APDgo) decreased by 12.3% (p < 0.05),
12.15% (p < 0.01), and 10.5% (p < 0.05),
respectively. Conversely, in the second group
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Fig. 1. Effect of methoxamine at different concentrations on the electrical activity parameters of working
cardiomyocytes in 7-day-old rats with preserved sinus nodes and spontaneous activity. The parameters as-
sessed include the frequency of spontaneous activity (A), the duration of the repolarization phase of AP at
the level of 20%, 50% and 90%: APDy (B), APDs (C), and APDy (D)

(n = 8, Fig. 2) the duration of the repolariza-
tion phase of AP at the level of 20% (APD»yo),
50% (APDso) and 90% (APDgo) increased by
18.4% (p < 0.05), 21.6% (p < 0.01), and
13.5% (p < 0.01), respectively. Additionally,
methoxamine increased the frequency of
spontaneous activity in  both  groups
byl7.13% (» < 0.01; » = 9) and 13.7%
(p <0.001; n = 8), respectively.

In 100-day-old rats, methoxamine at all
tested concentrations did not affect the mem-
brane potential, the amplitude of the action po-
tential, or the duration of the depolarization
phase.
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Age-dependent differences in electrical ac-
tivity parameters of working cardiomyocytes in
newborn and adult rats upon o;-AR stimu-
lation

In our study, we observed significant differ-
ences in electrical activity parameters between
newborn (7-day-old) (n = 10) and adult
(100-day-old) (n = 10) albino rats upon a;-AR
stimulation using methoxamine, with preserved
sinus nodes and spontaneous activity.

At a concentration of 10 M, methoxamine
increased the duration of the repolarization
phase of AP at the levels of 20% (APD2o), 50%
(APDsg), and 90% (APDgo) in newborn rats
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(Fig. 1), while it decreased it in adult rats
(Fig. 2). Additionally, methoxamine signifi-
cantly increased the frequency of spontaneous
activity in both age groups. Importantly,
methoxamine did not affect the membrane po-
tential, the amplitude of the action potential,
or the duration of the depolarization phase in
either age group compared to the control
group.

When comparing newborn and adult rats
(Fig. 3), significant developmental differences
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in the cardiac response to a1-AR stimulation
were observed. Methoxamine significantly in-
creased the frequency of spontaneous activity in
both age groups, with a 30% greater effect in
newborn rats compared to adult rats (p < 0.001).
Furthermore, the duration of the repolarization
phase of the AP at the levels of 20% (APD2o),
50% (APDsp), and 90% (APDgo) was signifi-
cantly longer in newborn rats than in adult rats,
by 70% (p < 0.001), 60% (p < 0.001), and 40%
(p < 0.01), respectively.
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Fig. 2. Effect of methoxamine at different concentrations on the electrical activity parameters of working
cardiomyocytes in 100-day-old rats with preserved sinus nodes and spontaneous activity. The parameters
assessed include the frequency of spontaneous activity (A), the duration of the repolarization phase of AP at
the level of 20%, 50% and 90%: APDx (B), APDs (C), and APDy (D)
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Fig. 3. Comparison of the percentage effects of methoxamine (10 M) on electrical activity parameters of
working cardiomyocytes in 7-day-old (n = 10) and 100-day-old (n = 10) rats

Discussion

In this study, we investigated the effects of
the as-adrenergic receptor agonist methox-
amine at various concentrations on the fre-
quency of action potentials and the electrical
activity parameters of right atrial cardiomyo-
cytes with preserved sinus nodes and spontane-
ous activity in 7-day-old (newborn) and 100-
day-old (adult) rats. Our results demonstrated
an age-related effect of methoxamine on the re-
polarisation duration of working cardiomyo-
cytes and the frequency of AP generation in
both age groups.

Methoxamine at concentrations (from 107 to
10° M) in 100-day-old rats reduced the dura-
tion of the action potential at levels of 20%
(APD20), 50% (APDso) and 90% (APDgo) of the
repolarization phase. Conversely, at a higher
concentration (10 M) a dual effect was ob-
served. Methoxamine also caused a dose-de-
pendent increase in the frequency of action po-
tential generation in adult rats. In newborn rats,
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methoxamine at concentrations (from 10 to
10° M) led to an increase in the frequency of
AP generation, with the maximum effect ob-
served at a concentration of 108 M. Addition-
ally, methoxamine increased the duration of AP
at (APDx2o), (APDso) and (APDgo). The values
of action potential amplitude and membrane
potential did not change under the effect of
methoxamine in either age group. These
changes may be attributed to the immature sym-
pathetic innervation in the hearts of newborn
rats, in contrast to the more developed sympa-
thetic regulation in adult rats (Robinson, 1996),
highlighting the importance of adrenergic regu-
lation during development.

In adult rats, methoxamine at the highest
concentrations decreased the repolarization du-
ration in some samples while increasing it in
others. Recent studies have indicated that meth-
oxamine exerts positive inotropic effects in the
atrium, similar to noradrenaline and phe-
nylephrine; however, at high concentrations, it
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may decrease contractile frequency (Zhang et
al., 2018). This dual effect could be due to the
direct influence of methoxamine on ion chan-
nels involved in APD, such as L-type Ca*?
channels or K* channels.

Comparing newborn and adult rats revealed
significant developmental differences in the
cardiac response to a1-AR stimulation. Specifi-
cally, methoxamine, an ai1-AR agonist, signifi-
cantly increased the frequency of spontaneous
activity in both age groups; however, the effect
was markedly greater in newborn rats. Despite
the immature sympathetic innervation in new-
born rats, the density and functionality of a-
ARs may be sufficient to elicit strong re-
sponses. Additionally, the physiological adap-
tations of the immature heart, such as a longer
duration of the repolarization phase and altered
ionic environments, may enhance reactivity to
adrenergic agonists. Furthermore, the duration
of the repolarization phase of AP was signifi-
cantly longer in newborn rats compared to adult
rats. These results indicate that the repolariza-
tion dynamics in newborn rats are distinct from
those in adults, potentially reflecting differ-
ences in ion channel expression and function.
The observed differences in cardiac responses
to methoxamine highlight the importance of
age-related changes in cardiac physiology. This
maturation process may involve alterations in
the expression and activity of key ion channels,
such as K* channels, which play a critical role
in repolarization.

While our findings provide valuable insights
into the developmental differences in cardiac
electrical activity, there are several limitations
to consider. Although the sample size is suffi-
cient for statistical analysis, it may not fully
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