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Abstract—The purpose of the work on normotensive rats of different age groups (3, 15, and 22 months) is to
study the synchronism between the functioning of the cardiovascular system and the locomotor activity of
animals in open field tests by a single injection of exogenous melatonin in different doses (1 and 10 mg/kg).
The studies show a unidirectional dose-dependent effect of exogenous melatonin on the locomotor activity
of rats of different ages and an age-dependent effect of melatonin on the parameters of the cardiovascular sys-
tem. The results show the possible desynchronization between the circadian rhythms of locomotor activity
and the functioning of the cardiovascular system with aging, which can lead to a discrepancy between hemo-

dynamic parameters and the level of locomotor activity.
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INTRODUCTION

It is known that the functions of organisms are sub-
ject to daily and seasonal dynamics. The suprachias-
matic nucleus (SCN) of the hypothalamus is the main
pacemaker crucial for circadian rhythms in physiology
and behavior; SCN has nerve connections with the
pineal gland, or epiphysis, and other parts of the brain.
Daily alteration of light and dark is the strongest signal
for synchronizing the biological clock. This alteration
regulates melatonin secretion by the pineal gland and
synchronizes the functions of the whole body through
SCN by means of transcriptional/translational feed-
back consisting of the clock genes and their protein
products [1, 2, 6, 36]. In addition, each organ has its
own biological clock system. To illustrate, the rhyth-
mic expression of clock genes in the heart, aorta, as
well as in the endothelium and smooth muscles of
blood vessels, has been shown [6].

Circadian and circannual cycles are linked to
changes of the melatonin level in the body. Melatonin
is a hormone that is produced by the pineal gland
during the dark phase of the day [10]. After biosynthe-
sis, the pineal melatonin is released into the circula-
tory system and reaches all biological fluids, including
the cerebrospinal fluid, bile, saliva, synovial fluid,
sperm, follicular fluid, amniotic fluid, breast milk,
and tears. Melatonin is also produced extrapineally by
the skin, retina, thymus, spleen, heart, muscles, liver,

stomach, pancreas, intestine, placenta, testicles,
ovary, bone marrow, brain cortex, and striatum [8,
29]. Endogenous melatonin triggers numerous physi-
ological reactions, including synchronization of circa-
dian rhythms, sleep-wake cycle regulation, antioxi-
dant capacity, and modulation of the immune and
cardiovascular systems. Melatonin implements its
effects via the MT1 and MT2 G-protein-coupled
membrane receptors. MT receptors binding mela-
tonin have been found in various parts of the CNS: the
brain cortex, hippocampus, thalamus, epiphysis, pitu-
itary gland, midbrain, cerebellum, and SCN [2, 37].
In addition to the brain and retina, MT1 and MT?2
have been found in almost all organ systems, including
the cardiovascular system. MT1 and MT2 receptors
have been detected in the heart ventricles, aorta, and
arteries [18, 19, 40].

MT1 and MT?2 receptors differ in molecular struc-
ture. MT1 receptors are mainly coupled to Gai and
Goq proteins, whereas MT2 receptors are mainly
Guai-protein coupled. Stimulation of Goi proteins
reduces cellular cAMP levels and upregulates potas-
sium channels [40]. Goq stimulation activates phos-
pholipase C, triggers the production of diacylglycerol
and inositol-3-phosphate, and also increases the level
of intracellular Ca®" [40]. Melatonin has a higher
affinity to MT1 receptors than MT2 [19, 34]. Proba-
bly, sequential activation of Gai and Gog subunits by
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melatonin can phase shift the circadian cycle [10].
Gog-stimulated melatoninergic receptors in the car-
diovascular system cause vasoconstriction and G-
protein-mediated stimulation results in vasodilation
[40]. Melatonin enhanced the vasoconstrictor effect of
noradrenaline and vasopressin in vitro in a fragment of
the caudal artery from an adult rat in [32, 48]; the
vasodilatory effect of melatonin was demonstrated in
experiments using fragments of the aorta and the mes-
enteric artery in [51, 55]. The vascular effects of mela-
tonin largely depend on the density of MT1 and MT2
receptors in the vessels. The effect of melatonin on
hemodynamic parameters involves the activation of
MT receptors located in the cardiovascular system, as
well as modulation of the tone of the autonomic ner-
vous system [40], which ultimately synchronizes the
cardiovascular system, other body systems, and behav-
ioral activity.

Experimental studies have revealed an age-related
change in the expression of MT1 and MT?2 receptors
both in peripheral tissues [46] and in the central ner-
vous system [28, 52], including due to a decline in
endogenous melatonin levels [28, 31]. Certainly, the
effect of exogenous melatonin on hemodynamic
parameters and behavior will depend on its dose as
well as the age of the subject.

The aim of this work was to study the effect of sin-
gle injection of exogenous melatonin in different doses
(1 and 10 mg/kg) on hemodynamic parameters, com-
ponents of the heart rate variability, and the behavior
of animals in open field tests using normotensive rats
of different age groups (3, 15, and 22 months). Con-
clusions about synchronicity between the cardiovas-
cular system and locomotion of animals from different
age groups are made.

MATERIALS AND METHODS

The experiments were performed using conven-
tional male Wistar rats aged 3, 15, and 22 months
(farm Rappolovo). The animals were divided into
three groups (1—aged 3 months; 2—aged 15 months;
3—aged 22 months); each group included 24 animals.
The rats were kept under natural light at a temperature
of 20°C and were given ad libitum access to food and
water.

All experiments were performed from 10 a.m. to
3 p.m. (the length of daylight was 11—13 h), when the
level of endogenous melatonin is minimal. The effects
of single administration of exogenous melatonin at
different doses on hemodynamic parameters and
components of the heart rate variability (HRV), as well
as on the behavior of rats in the open field test were
studied in young and mature aged rats.

Melatonin (Purtan’s Pride, United States) was
used in the experiments. Each group of rats was
divided into three subgroups: control and two experi-
mental ones, with eight animals in each subgroup.
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A solution of melatonin in physiologic saline (1 and
10 mg/kg, 3 mL) was injected into the rats of the
experimental subgroups by intraperitoneal route. The
animals of the control subgroups were injected intraperi-
toneally with physiologic saline at a volume of 3 mL.
30 min after administration of the solutions, an open
field test was performed and hemodynamic parame-
ters were then assessed.

The influence of exogenous melatonin on the
behavior of rats was investigated by the open field test
[24]. The open-field arena was a square open white
plastic arena (76 cm width and 27 cm wall height)
divided into sectors of 19-cm squares; the arena had
round holes sized 2 cm in diameter at the corners of
the squares. The rat behavior in the open field test was
monitored using a camera (car video recorder)
installed in such a way as to completely observe the
arena. The arena was located on the floor of the
manipulation area of the vivarium with the same
microclimate (temperature, humidity) as in the area
for keeping and raising animals. The illumination in
the manipulation area was 487 lux (artificial light).

During the test, a rat was placed in the center of the
arena and their behavior was monitored for 5 min. The
following indicators were assessed: the latent period in
seconds (from placement of the animal onto the arena
to onset of locomotor activity), horizontal motion (the
number of square sectors crossed), vertical motion
(the number of times when front paws were elevated
and rat was in an upright posture), the number of
crossings through the center in the open field, the
number of explored holes, urination (the number of
acts), defecation (the number of fecal boluses), and
grooming acts. We also calculated the total locomotor
activity as the sum of grooming acts and horizontal
and vertical activities. After testing each animal for
removing organic marks, the arena was wiped with
napkins impregnated with a weak solution of hydrogen
peroxide.

The hemodynamic parameters were measured in
awake restrained rats using the Chart software with a
non-invasive blood pressure measurement system
(ADInstruments, Australia) equipped with the
MLI125 NIBP controller, the MLTI25R pulse rate
sensor, and a tail cuff sensor for rats. The sampling fre-
quency was 100 Hz, FFT was 1024. This system allows
recording systolic blood pressure (SBP) and the inter-
systolic interval (ISI) on the rat’s tail. A total of 5—6 tests
were performed to measure the parameters and the
arithmetic mean was then calculated.

The hemodynamic parameters were measured
simultaneously with an analysis of the HRV spectrum
using the Chart software. Short segments of recorded
pulses with duration of 40 s were analyzed. The low
frequency component of the heart rate variability
spectrum (LF: 0.15—0.8 Hz) used as a reflection of the
sympathetic activity and the high frequency compo-
nent of the HRV spectrum (HF: 0.8—2.5 Hz) describ-
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ing the parasympathetic activity were estimated in
ms?/Hz using mathematical methods adopted by the
North American Society of Pacing and Electrophysi-
ology [7]. The LF/HF ratio indicated the sympatho-
vagal balance in the regulation of heart function and
the sum LF + HF reflected total HRV.

The data were analyzed statistically using the Sta-
tistica 6.0 software. Data were analyzed by nonpara-
metric statistics due to small sample sizes. Two indepen-
dent subgroups were compared using the U-Mann—
Whitney test. Differences in data at p < 0.05 were sig-
nificant. The measurement results are presented as
median and interquartile range (25th and 75th percen-
tiles). The expression of the effect of melatonin on the
studied parameters was also estimated in percentage.
Parameter medians for each subgroup were used for
statistics; the median of the control subgroup was
taken as 100%.

RESULTS AND DISCUSSION

In the control subgroups of rats of different ages,
there were no significant differences in the hemody-
namic parameters and the HRV spectrum compo-
nents, or on the behavior in the open field test, except
for a significant decrease in vertical upright postures
made by 22-month-old rats compared to 3-month-old
rats (p = 0.04); this may have occurred due to age-
related changes in the musculoskeletal system of the
animals.

It was shown that blood pressure (BP) decreased in
rats with prolonged administration of melatonin at a
dose of 10 mg/kg [26, 39]. Meanwhile, a single intra-
venous administration of melatonin at a dose of 5 and
15 mg/kg did not cause significant changes in BP and
heart rate (HR) in rats [15]. In this work, a single intra-
peritoneal injection of melatonin at a dose of 1 mg/kg did
not cause significant changes in the hemodynamic
parameters and HRV components in 15- and 22-month-
old normotensive awake rats; only 3-month-old rats
showed a trend of SBP increase (p = 0.2 compared to
the control subgroup) and an increase in the total
degree of HRV (p = 0.03 compared to the control sub-
group) (Table 1). At the same time, a single dose of
melatonin (10 mg/kg) led to an increase in SBP in
15-month-old rats (p = 0.006 compared to the control
subgroup). In 22-month-old rats, administration of
melatonin at a dose of 10 mg/kg caused slight tachy-
cardia (p = 0.15, compared to the control subgroup)
and changed the HRV components versus the control
subgroup: inhibition of LF (p = 0.02), a tendency of
HF inhibition (p = 0.09), and a decrease in LF + HF
(p = 0.03) (Table 1). The different effects of melatonin
on cardiovascular function in young and aged rats may
be associated with alteration of MT1- and MT2-
receptor expression in the heart and blood vessels
during aging. Thus, Sanchez-Hidalgo et al. in experi-
ments [46] showed that the quantity of MT1 and MT?2
receptors in the heart and other peripheral tissues sig-
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nificantly decreased in normotensive rats by the age of
12 months compared to 3-month-old animals. In
experiments in vitro, melatonin caused a stronger
vasoconstrictor response when exposed to segments of
the distal caudal artery from adolescent rats than from
adult animals [20].

Laudon et al. revealed that the density of MT
receptors decreased significantly in different parts of
the brain in old rats [31]. However, the results of stud-
ies using mice indicate that the reduced expression of
MT receptors in the central nervous system has an
insignificant effect on the melatonin-induced phase
shifts of circadian rhythms and sensitivity to melatonin
does not decrease with age [12]. In this paper, in the
open field test, the locomotor activity in rats of all age
groups increased after a single administration of mel-
atonin at a dose of 1 mg/kg (Table 2). The effect was
maximal in young animals. In 3-month-old rats after
administration of melatonin at a dose of 1 mg/kg, the
most frequent locomotion acts were increase in
motion activity (both vertical and horizontal motion)
and increase in the number of explored holes and
grooming acts. In 15-month-old animals, melatonin
at a dose of 1 mg/kg caused a significant reduction in
the latent period and increased the number of groom-
ing acts (Table 2). In 22-month-old rats there was an
increase in horizontal activity after administration of
melatonin at a dose of 1 mg/kg. Melatonin at a dose of
10 mg/kg had no effect on the behavior of rats in the
open field test (Table 2).

A growth of locomotor activity after administration
of low melatonin doses was shown by other research-
ers. An increased locomotor activity was observed in
experiments using mice after administration of mela-
tonin at a dose of 1.2 mg/kg [27]. Beier et al. in exper-
iments [4] showed that melatonin administered intra-
peritoneally at a dose of 0.1 mg/kg to rats increased
horizontal and vertical motion as well as the number of
grooming acts. In contrast, administration of mela-
tonin at a dose of 60 mg/kg decreased mobility of rats
[16], and melatonin at a dose of 10 mg/kg had no sig-
nificant effect on animal behavior [3]. The fact of an
increase in locomotor activity of animals after admin-
istration of low melatonin doses and the opposite
effect (or lack of effect) after administration of high
melatonin doses confirms the dose-dependent effect
of melatonin induced through the activation of differ-
ent protein subunits in the MT receptors. This dose-
dependent effect of melatonin is probably phase-shift-
ing circadian rhythms. Experiments on mice with a
deletion of MT1 and MT2 receptors have shown that
the lack of MT receptors has no significant effect on
the diurnal locomotor activity of animals, but reduces
the accuracy of diurnal locomotor rhythms compared
to mice with an intact melatoninergic system [41].

Under natural conditions, daily melatonin levels
peak at night and seasonal ones peak in winter [9, 10,
43]. In people, the daily minimum BP is observed at
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Table 1. Hemodynamic parameters and components of the heart rate variability spectrum in rats of different ages
after injection of melatonin

LF + HF,
Subgroup SBP, mm Hg ISI, ms LF, ms?/Hz | HF, ms?/Hz LF/HF ms?/Hz
Age 3 months (n = 8 in each subgroup)
Control 107.1 186.5 47.2 140.9 0.42 170.6
(103.3; 116.5) | (173.4; 189) (31.0; 91.5) | (126.2; 148.7) | (0.27;0.61) (166.1; 219.8)
Melatonin, 1 mg/kg 116.1 183.7 80 240.8 0.46 320.8*
(108.6; 122.4) | (168.1; 188.7) | (71.6; 104.5) | (143.0;272.6) | (0.34;0.53) | (214.5;400.8)
Melatonin, 10 mg/kg 110.5 189.5 48 148.6 0.33 198.5
(106.7; 115) (169.2; 197) (37.7;92.5) (120; 235.3) (0.29; 0.38) | (155.6;327.9)
Age 15 months (n = 8 in each subgroup)
Control 100.5 166 19 196.3 0.16 205.7
(100.1; 102) | (164.4;178.9) | (17.1;136.3) | (146.2; 266.1) | (0.13;0.54) | (163.3;402.4)
Melatonin, 1 mg/kg 103.5 167.6 58.2 221.7 0.23 291
(100.1; 110.9) | (160.9; 170.8) (22.9; 78) (160.2; 258.2) | (0.16;0.33) (181.9; 324.3)
Melatonin, 10 mg/kg 112.5%* 169.4 43.9 197.8 0.26 295.8
(109.3; 121.2) | (162.4; 172.6) | (36.7; 125.5) | (180.8;292.2) | (0.21;0.59) | (219.2;400.9)
Age 22 months (# = 8 in each subgroup)
Control 94.8 171.4 46.0 184.6 0.26 231.3
(92.3; 106) | (166.6;176.7) | (30.4; 52.3) (143.6; 271) (0.13; 0.38) (189.6; 312.3)
Melatonin, 1 mg/kg 97.6 170.3 30 131.5 0.22 161.5
(93.4; 101) | (152.8;191.7) (21.4; 37) (108.1; 188.9) | (0.16; 0.35) (134.7; 211.9)
Melatonin, 10 mg/kg 98.4 156.9 17.2% 108.8 0.11 131*
(96.3;98.2) | (143.7; 177.8) (9.4;26.9) (98.4; 154.7) | (0.08;0.18) (110.8; 172.2)

ISI—the inter-systolic interval; LF—the low-frequency component of the heart rate variability spectrum; HF—the high-frequency
component of the heart rate variability spectrum; * p < 0.05, ** p < 0.01—difference significance compared to control subgroup.

night [17, 22] and the seasonal minimal BP occurs in
summer [44]. This fact casts doubt on the presence of
a significant hypotensive effect of endogenous mela-
tonin. Circadian dynamics similar to BP dynamics
have also been shown for HR [22]. In addition, daily
changes in HRV components are established [13, 30].
People have the maximum power of the HRV spec-
trum and the minimum value of LF/HF during the
night; during the day, the minimum power of the HRV
spectrum and the maximum value of LF/HF are
observed. Studies involving healthy volunteers have
shown that exogenous melatonin enhances vagal tone
and exerts a suppressive effect on sympathetic inner-
vation of the heart [38]. In contrast to humans, rats are
animals with nocturnal activity, and they are charac-
terized by the reverse circadian profile of the SBP,
HR, and HRV spectrum components [25, 49]. Mean-
while, the daily melatonin profile in all mammals,
regardless of their lifestyle, shows a maximum at night,
but studies have shown that the clearance of melatonin
in rats is higher than in humans [53].

It is known that the level of endogenous melatonin
decreases with age [1, 5, 52]. Studies involving men
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have shown that the concentration of melatonin in
urine peaks at 19—29 years; it reaches minimum values
at 40—49 years and rises again slightly after 60 years
[5]. In addition, the density of MT1 and MT?2 recep-
tors declines with aging [12, 28, 31, 46], and photore-
ception, the structure of the pineal gland, and inner-
vation between SCN and the pineal gland are dis-
turbed [1, 14]. Furthermore, experiments using male
Wistar rats have shown that in 12- and 24-month-old
animals, the expression of clock genes (Perl, Per2,
Cryl, Cry2, and Bmall) in SCN changes significantly
compared to 3-month-old animals, with abolition of
daily rhythms of Cry 1, Cry2, and Bmall in 24-month-
old rats [36]. This phenomenon is associated with age-
related telomerase shortening and a decrease in the
activity of proteins binding cAMP-sensitive elements
[6]. All this changes circadian rhythms. Studies
involving humans as subjects have shown an age-
related decrease in the amplitude of circadian oscilla-
tions of BP and HR and shifting in the acrophase of
the circadian cycle [11, 14, 50].

In experiments [47, 54], a strong relationship
between the locomotor activity of rats during the day
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Fig. 1. The relative parameters of hemodynamics, heart rate variability, and total locomotor activity in rats of different ages after
melatonin injection. ISI—the inter-systolic interval; LF + HF—the total power of the heart rate variability spectrum; TLA—total
locomotor activity. * p < 0.05—difference significance compared to control subgroup.

and hemodynamic parameters has been revealed; i.e.,
higher values of BP and HR corresponded to an
increased locomotor activity than the rest state. This
ratio may change with age. Thus, in experiments with
normotensive rats, 23—24-month-old animals were
observed to have higher BP levels and lower motor
activity at night compared to 3-month-old rats [47].
The unidirectional dose-dependent effect of exoge-
nous melatonin on locomotion of rats of different ages
and the age-dependent effect of melatonin on the
functioning of the cardiovascular system found in our
study indicate the possible age-related desynchroniza-
tion between the circadian rhythms of the locomotor
activity and the functioning of the cardiovascular system,
which can lead to discrepancies between hemodynamic
parameters and the level of locomotor activity.

Therefore, in our experiments after administration
of melatonin at a dose of 1 mg/kg, the increase in
locomotor activity was accompanied by a tendency of
SBP increase only in 3-month-old rats (Tables 1 and 2;
Fig. 1). In 15-month-old rats, the maximum level of
SBP was recorded after administration of melatonin at
a dose of 10 mg/kg, while locomotor activity was not
significantly increased (Tables 1 and 2, Fig. 1). In 22-
month-old rats, administration of melatonin at a dose
of 10 mg/kg was associated with a tendency of tachy-
cardia, while locomotor activity did not differ from the
activity of animals in the control subgroup (Tables 1
and 2, Fig. 1). HRV increase after melatonin administra-
tion observed in 3-month-old rats alternated to HRV
decrease in 22-month-old animals (Table 1, Fig. 1).

ADVANCES IN GERONTOLOGY  Vol. 9

The discrepancy between functioning of the car-
diovascular system and the level of locomotor activity
after administration of melatonin in old groups may be
due to the fact that the expression of MT receptors
changes to a greater extent during aging in the cardio-
vascular system than in the CNS possibly due to the
stronger decrease in the level of endogenous mela-
tonin in peripheral tissues than in the brain. Desyn-
chronization in the functioning of the body systems
can also occur as a result of age-related changes in the
CNS [14, 36]. In addition, age-related remodeling in
the heart and blood vessels (collagen deposition in the
myocardium, changes in cardiac conduction system,
atherosclerosis, arterial rigidity, and others) [33, 45],
as well as age-related suppression of autonomic hemo-
dynamic control mechanisms (e.g., baroreceptor
reflex) [21, 42, 47], may also contribute to this desyn-
chronization, ultimately reducing the adaptive capac-
ities of the cardiovascular system. Indirect evidence
for the reduction in the adaptive capacity of the car-
diovascular system in this paper is the HRV decrease
in 22-month-old rats after administration of mela-
tonin. It is known that HRV indicates the ability of the
heart to respond to numerous physiological and envi-
ronmental stimuli such as breathing, physical activity,
psychological stress, hemodynamic and metabolic
changes, sleep and orthostasis, as well as disorders
caused by diseases [42].

To date, the effect of exogenous melatonin on the
correction of circadian dysfunction and age-related
changes in cardiovascular function has been investi-
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gated in numerous studies. In experiments using mice,
it was found that everyday 6-month therapy with mel-
atonin at a dose 10 mg/kg started at 16 months of age
attenuated the age-related reduction of MT-receptor
expression [28]. In addition, melatonin restored circa-
dian gene expressionin SCN in 12- and 24-month-old
rats [36]. Furthermore, numerous clinical and experi-
mental studies have shown that long-term administra-
tion of melatonin provided cardioprotective and mild
hypotensive benefits due to activation of membrane
MT receptors, the antioxidant action of melatonin, and
its ability to mediate accumulation of natural vasodilators
in vessel walls, like nitrogen oxide [29, 40]. A meta-anal-
ysis of clinical trials has shown that prolonged-release
melatonin was the most effective for correcting circa-
dian rhythms of BP [23]. However, caution needs to be
taken for the possible weak hypertensive effect of mel-
atonin, which we observed, as well as several other
authors [35].

CONCLUSIONS

The increase in locomotor activity of animals after
administration of the low melatonin dose and the lack
of effect after administration of the high melatonin
dose confirms the dose-dependent effect of this sub-
stance mediated by upregulation of different protein
subunits in MT receptors.

The unidirectional dose-dependent effect of exog-
enous melatonin on the locomotor activity of rats of
different ages and the age-dependent effect of mela-
tonin on the cardiovascular system indicate a possible
age-related desynchronization between the circadian
rhythms of locomotion and cardiovascular system activ-
ity. This can lead to a discrepancy between hemody-
namic parameters and the level of locomotor activity.
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