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Abstract—Neurological impairments due to traumatic, vascular, or neurodegenerative brain
diseases have a high prevalence worldwide. Among them are motor, cognitive, and mental
disorders, which have a serious negative impact on the working and social activities of the patients.
This calls for the search and development of novel effective neuroprotective agents. Previous
studies have shown the pyrimidine�derived α2�adrenergic agonist mafedine to be highly effective
for the amelioration of neurological deficits in experimental traumatic brain injury (TBI) in rats.
Despite the results of the previous works favouring the major role of the α2 adrenergic receptor
activation in the mechanism of action of mafedine, the search for additional molecular targets is an
important part of the development of any drug to be used in clinical practice. In this work, we
evaluated the effects of 7 day�long course administration of mafedine (2.5 mg/kg b.w.) on the
expression of brain�derived neurotrophic factor (BDNF), the proinflammatory cytokines interleukin
(IL)�1β, �6, tumour necrosis factor (TNF)�α, and the α2A, α2B, and α2C α2�adrenergic receptor
subtypes in the brain cortex of rats subjected to TBI, using the reverse�transcription real�time
polymerase chain reaction method. TBI was modelled by the controlled cortical impact technique
in an open area of sensorimotor cortex of the left brain hemisphere. Behavioural alterations in the
injured animals were assessed in the Open field test, and the fore� and hindlimb motor function, in
the Limb placing, Cylinder, and Beam walking tests. Our experiments show that TBI causes severe
motor impairments as well as decreases exploration in rats. Besides, at post�TBI day 7, a reduction
in the expression of all analyzed genes is seen, which is the most pronounced in the contralateral
(uninjured) hemisphere. Course administration of mafedine (2,5 mg/kg b.w.) resulted in moderate
stimulation of the injured rats’ behaviour, increased exploratory activity compared to controls, and
improved sensorimotor deficit as assessed by the Beam walking test. Gene expression analysis
results indicated that mafedine decreased α2B�adrenergic receptor, TNF�α, and IL�6 expression in
the injured hemisphere. At the same time, compared to rats with TBI having received no treatment,
mafedine�treated animals exhibited higher α2B�adrenergic receptor and IL�1β expression in the
injured rather than the intact hemisphere. These results confirm the previously observed
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neuroprotective activity of mafedine and imply that it may exert its effects via suppression of α2B�
adrenergic receptor and proinflammatory cytokine expression in the injured brain hemisphere, at
the same time increasing their expression in the intact one.

DOI: 10.1134/S0022093023020217
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INTRODUCTION

Traumatic, vascular and neurodegenerative
diseases of the brain affect millions of people
annually, being one of the main causes of disabil�
ity worldwide [1–3]. As a result of these diseases,
patients have reduced social and labor activity,
which imposes material encumbrance on their
relatives and on society as a whole [4]. Effective
treatment of such patients requires neuroprotec�
tive drugs that can act on various parts of patho�
genesis of these diseases, thereby preventing
neuronal death and accelerating functional recov�
ery of motor, cognitive, and mental functions.
Despite the large variety of proposed neuropro�
tective drugs that have shown efficacy in animal
experiments, only some of them are being clini�
cally tested, and even fewer are effective in clini�
cal practice [5]. It is assumed that the low
translational potential of such studies is due to the
fact that the studied agents act in isolation on one
or another mechanism of disease pathogenesis,
without affecting the parallel pathological pro�
cesses [6]. For this reason, neuroprotective drugs
with different molecular targets in the mechanism
of action seem to be the most promising for study
and further development.

One such group, for which different mecha�
nisms of neuroprotective action have been shown,
are α2�adrenergic receptor agonists. In the early
1970s, this group was actively used as antihyper�
tensive agents. Later, their use in this capacity
cooled down, but the prospects for their use as
sedative, anti�anxiety and antiaddictive agents
expanded. In the early 90’s there were studies that
demonstrated positive effects of clonidine on
ischemic stroke models in rats [7, 8]. It is espe�
cially important that its neuroprotective effects
were blocked when rats were injected with the α2�
adrenergic receptor agonist atipamezole, which
allowed us to assume that the activation of these
receptors is the cause of the observed effects. Sub�

sequent studies in various models of ischemic
stroke in rodents have shown neuroprotective
activity for other α2�adrenergic receptor agonists,
such as tizanidine and dexmedetomidine [9]. The
latter drug is currently the object of detailed study
by many researchers, and it has been repeatedly
shown that in traumatic and vascular brain inju�
ries it can reduce the severity of inflammatory
processes and oxidative stress, inhibit apoptosis of
neurons and glial cells, normalize the barrier
function of the blood�brain barrier, maintain the
balance of procoagulant and anticoagulant sys�
tems, and prevent the development of cerebral
vasospasm [10]. Of particular importance is the
fact that dexmedetomidine has shown efficacy in
clinical practice, for example, in ischemic stroke,
as evidenced by the results of a metaanalysis
involving 879 patients [11]. In addition, the neu�
roprotective effect of this drug has been demon�
strated in glioma removal [12] and in the surgical
treatment of temporal lobe epilepsy [13].

Another α2�adrenergic receptor agonist mafe�
dine synthesized at the St. Petersburg Chemical�
Pharmaceutical University showed the ability to
reduce the severity of neurological deficit in rats
that underwent traumatic brain injury (TBI). Its
course 7�day administration at a dose of 2.5 mg/kg
increased the overall motor activity of injured ani�
mals, positively influenced the motor function of
the fore and hind limbs, reduced the volume of
brain damage, and reduced the severity of inflam�
matory processes in the trauma focus [14]. In sub�
sequent experiments, the neuroprotective activity
of mafedine in a model of a TBI in rats was con�
firmed using electrophysiological methods (elec�
trocorticography and analysis of visual and
somatosensory evoked potentials). It was found
that administration of this compound led to nor�
malization of the interhemispheric connections of
the brain regions distant from the injury area as
well as the intrahemispheric connections of the
healthy hemisphere by day 7 after injury. In addi�
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tion, positive changes in the cortical responses to
photo� and somatosensory stimulation were
observed in the animals injected with mafedine
[15].

Since yohimbine administration in equimolar
quantities canceled most of the positive effects of
mafedine, we can conclude that the neuroprotec�
tive effect of the latter is realized by activation of
α2�adrenoreceptors [14]. However, to create a
drug that can be further used in clinical practice, it
is necessary to study its molecular mechanisms of
action. Therefore, the aim of the present work was
to study the molecular and genetic mechanisms of
mafedine action in the model of rat TBI using
quantitative reverse�transcription real�time poly�
merase chain reaction (RRT�qPCR). We selected
the brain�derived neurotrophic factor BDNF,
inflammatory mediators interleukin IL�1β, IL�6
and tumor necrosis factor TNF�α, as well as
α2�adrenergic receptor subtypes: α2A, α2B and
α2C as potential molecular targets of the com�
pound under study.

MATERIALS AND METHODS

The study was performed on 30 male Wistar rats
aged 3 months and weighing 250–300 g obtained
from the [Rappolovo] laboratory animal supplier
(Leningrad Region, Russia). Rats were kept 5 indi�
viduals per cage, at an indoor temperature of 20–
22°C and a light regime of 12 h of light 750 lx/12 h
of darkness. All animals received a standard chow
(dry full�rate pelleted extruded compound feed rec�
ipe PK�120, LLC “LABORATORKORM”, Rus�
sia) and had access to food and water ad libitum.
Rats of all experimental groups were taken from
the same batch and quarantined for 14 days. Each
animal was assigned an identification number and
divided into 3 groups—control, TBI and
TBI+mafedine, by random number randomiza�
tion. All experimental groups had 10 animals each
(Fig. 1a).

The TBI was simulated by applying a controlled
impact to the sensorimotor cortex area using a
traumatizer (RWD Life Science Inc., USA). The

Fig. 1. (a) Experimental groups, (b) coordinates of traumatic brain injury, (c) schedule of experiments and procedures, (d)
regions of material collection for molecular analysis. TBI—Traumatic brain injury, i/p—intraperitoneal, AP—anterior�poste�
rior, ML—mediolateral, RT�qPCR—real�time quantitative reverse�transcription polymerase chain reaction.
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localization of the sensorimotor cortex area was
determined using the atlas of stereotactic coordi�
nates by Paxinos and Watson [16]. Before surgery
the animals were anesthetized with tiletamine/
zolazepam solution (Zoletil 50®, Virbac, France;
30 mg/kg, intramuscularly), after which trepana�
tion was performed in the left frontal part of the
skull over the sensorimotor cortex area. The cen�
ter of the trepanation hole was 3.0 mm rostral and
2.0 mm lateral to the bregma (Fig. 1b). Thereaf�
ter, a movable steel piston 4 mm in diameter with
a stroke of 5 mm was placed in the trepanation
hole, on which a 60 g weight sliding in a steel tube
was struck from a height of 22 cm. The drilled
plate was returned to its place and the skin inci�
sion was sutured.

After coming out of anesthesia, the rats were
returned to their home cages with free access to
water and food for the entire study period. The
condition of the animals was monitored daily in
the morning and evening; if necessary, sutures
were treated with 10% betadine solution. Antibi�
otics, analgesics, and anti�inflammatory drugs
were not used in the present study due to the fact
that most of them can affect the course of patho�
logical processes in traumatic brain injury to some
degree, thus distorting the study results. Due to
the absence of signs of pain, distress, and the
development of local or systemic inflammatory
reactions, none of the animals were prematurely
removed from the experiments.

Mafedine (6�oxo�1�phenyl�2�(phenylamino)�
1,6�dihydropyrimidine�4�olate sodium) (2.5 mg/kg
intraperitoneally (i./p.)) [14, 15] or physiological
solution (0.5 mL i./p.) were administered to the
respective groups of animals 1 h after injury and
then every day according to the schedule (Fig. 1c)
for 6 days. Behavioral and functional tests in
experimental animals were performed on the 1st,
3rd, and 7th days after surgery. Group masking
(“blinding” of the operators) was used to objectify
the results obtained. After testing on the 7th day,
the rats were euthanized by decapitation and a
section of the cerebral cortex located caudal to the
injury site (sensorimotor cortex area) was taken
for further study (Fig. 1d).

On the 1st, 3rd, and 7th days after injury, the
severity of neurological deficit was assessed in the
Limb placing test. The test consisted in evaluating

the response of the hind and forelimbs to tactile
and proprioceptive stimulation. The testing pro�
cess consisted of 7 different tests; the results were
expressed as a sum of points. The following scor�
ing system was used to evaluate limb impairment:
2 points, the rat performed the test completely;
1 point, the rat performed the test with a delay of
more than 2 s and/or not completely; 0 points, the
rat did not respond to limb stimulation. The max�
imum possible total number of points was 14. The
result was expressed as a sum of points [14].

On the 7th day we evaluated general motor and
exploratory activity in the Open Field (OF) test,
recording animal movements in the unit (Open
Science Ltd., Russia) using a video camera (Can�
yon, ASBIS, Cyprus) for 3 min. The obtained
video recordings were analyzed using VideoMot2
3.0.1 software (TSE Systems, Germany). We esti�
mated the distance traveled (cm), the average
speed of movement (cm/s), the number of field
sections visited, the number of freezings, the total
time of freezings (s), the time spent in the center
of the field (s), the number of grooming, rears,
and peeking into the holes [17].

In the “Cylinder” test, the asymmetry of the
animal’s use of the forelimbs during the examina�
tion of the cylinder walls was evaluated. The rat
was placed in a transparent plastic cylinder
(“NPK Open Science”, Russia) and its move�
ments were videorecorded. The testing time was
not limited, achieving at least 10 touches of the
cylinder walls. Viewing of the video recording was
conducted in the frame�by�frame mode, counting
the number of acts of independent use of the ipsi�
and contralateral to the injured limb during the
examination of the cylinder wall after rear, as well
as simultaneous use of both limbs. The results
were presented as the percentage of use of the
contralateral limb from the total number of
behavioral acts (CL, %) and were calculated
according to the formula [17]: CL = (Col +
0.5*St) / (Ipl + Col + St) × 100, where Col is the
contralateral limb to the injured place; St is simul�
taneous use of both forelimbs; Ipl is the ipsilateral
limb to the injured place.

The walking beam test (WB) allows estimating
the severity of sensorimotor deficit of the fore and
hind limbs. The device (OOO “NPK Open Sci�
ence”, Russia) represents two smoothly tapering
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paths 165 cm long, located directly under each
other. The lower track fulfills the function of a
platform, on which the animal’s limbs are located
during sliding from the upper track. At the end of
the tracks there is a black box, which is the final
goal of the animal. Before simulating a TBI, rats
were trained to cross the WB for 3 consecutive
days. During testing, animal movements were
recorded on a video camera. Then, the number of
placements of the limb contralateral to the injury
site on the lower track (errors), the number of
slips from the upper track to the lower track, and
the total number of steps were counted in frame�
by�frame view. The number of errors, the number
of slips, and the total number of steps for the ante�
rior and posterior contralateral limbs were
counted separately. The data obtained as a result
of three attempts were averaged, and the degree of
sensorimotor deficit (SD, %) was calculated
according to the formula and expressed as a per�
centage: SD = Errors + 0.5 × Slips / Total number
of steps × 100 [17].

After performing all behavioral and sensorimo�
tor tests on the 7th day after injury, animals previ�
ously anesthetized with tiletamine/zolazepam
were decapitated and the sensorimotor cortex
areas of the left and right cerebral hemispheres
were extracted. The choice of these cortical areas
for further analysis was due to the fact that mafe�
dine had been studied in previous studies and had
shown positive effects to a greater extent in senso�
rimotor tests. The obtained material was stored at
–80°C, after which the tissues were homogenized
using a Precellys Evolution 3D rotor�type
homogenizer (Bertin Technologies, France) for
subsequent isolation of nucleic acids from the
homogenized material and PCR. A BioMaster
LRU�100�50 kit (Biolabmix, Russia) was used to
isolate ribonucleic acid (RNA). RNA was isolated
according to the protocol specified by the manufac�
turer. After that, RNA concentration was measured
using a NanoPhotometer NP80 spectrophotometer
(Implen, Germany), adjusted to 0.1 ng/μL, and
then complementary deoxyribonucleic acid DNA
(cDNA) was synthesized by reverse transcription
using the BioMaster OT M�MuLV�RH reagent kit
(Biolabmix, Russia). The cDNA concentration
after measurement was adjusted to 50 ng/μL, then
the relative degree of expression of bdnf (BDNF),

il1b (IL�1β), il6 (IL�6), tnfa (TNF�α), adra2a,
adra2b, and adra2c (α2A, α2B, and α2C�adrenore�
ceptor, respectively) genes was determined by
RRT�qPCR (CFX 96 amplifier, Bio�Rad, USA)
using BioMaster Hs�qPCR (2x) premixed
reagents (Biolabmix LLC, Russia). The level of
gene expression was assessed relative to the
expression of the housekeeping gene glyceralde�
hyde�3�phosphate dehydrogenase (GAPDH).
The synthesis of primers (Table 1) was performed
by Beagle (Moscow). The specificity of the ampli�
fication products was monitored by melting
curves.

The data were statistically processed using
GraphPad Prism 9.0.0 software package. To test
for normality of data distribution, we used the
Shapiro–Wilk W�test; significance of differences
between groups with normal distribution was
assessed using one�factor ANOVA with Tukey
post hoc test; with nonnormal distribution, we
used nonparametric Kruskal–Wallis test with
Dunn post hoc test. Wilcoxon–Mann–Whitney
test was used to compare the relative level of gene
expression between hemispheres within the same
group. Differences were considered statistically
significant at p < 0.05. Statistical power analysis
was not performed.

RESULTS

Traumatic lesions of the sensorimotor cortex
and the underlying structures of the left hemi�
sphere resulted in pronounced behavioral and
motor disorders in the rats, which were registered
throughout the study period. On the first day after
the trauma, one animal each from the TBI and
TBI+Mafedine groups died; therefore, 9 rats in
each of these groups participated in the experi�
ments.

In the OF test on the 7th day after surgery, ani�
mals in the TBI group were less likely to perform
rears (p < 0.05) and peek�a�boo (p < 0.05) com�
pared to the control group (Fig. 2). In the limb
stimulation test (Fig. 3a), the sum of scores in the
injured animals was lower (p < 0.01) on all days of
testing (days 1, 3, and 7 after surgery) compared
to the healthy group. It is worth mentioning that
in this test, spontaneous recovery of motor func�
tion in fore and hind limbs was observed in ani�
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mals with TBI (p < 0.01 for the 1st day compared
to the 3rd day), but on the 7th day it was still
incomplete, as evidenced by the fact that the
results of this group differed significantly from
those of the control group. In the “Cylinder” test
(Fig. 3b), the injured rats were almost 2 times less
likely (p < 0.05) to use the contralateral (right)
paw while exploring the wall of the cylinder com�
pared with animals without injury. In addition,
the pronounced motor impairments in the TBI
group were confirmed in the WB test (Fig. 3c), in
which the degree of their sensorimotor deficit was
higher for both the anterior (p < 0.05) and poste�
rior (p < 0.01) contralateral limbs compared with
the control group.

Analysis of gene expression by RRT�qPCR
(Fig. 4) showed that traumatic lesions in the left
hemisphere resulted in a decrease in the relative
expression levels of all the genes analyzed (bdnf,
il1b, il6, tnfa, adra2a, adra2b, and adra2c) in both
the left (injured) and right (healthy) hemispheres
on the 7th day after injury. A common pattern was
also that for all genes, the degree of expression was
lower in the contralateral hemisphere than in the
ipsilateral hemisphere (p < 0.05 for tnfa and p <
0.01 for il6 and adra2b). It is important to note
that in healthy rats we observed a pronounced

interhemispheric asymmetry in the level of
expression of one or another gene, but there were
no significant differences between hemispheres
when averaging the values.

A course of 7 days of mafedine administration
increased the mean walking speed (p < 0.01) and
the number of hole pokes (p < 0.05) in the OF test
in the injured rats compared to the untreated ani�
mals. In addition, this group performed a greater
number of transitions (p < 0.01) and had a higher
mean speed (p < 0.01) compared to the control
group. There was no significant positive effect of
mafedine in the limb placing and Cylinder tests,
but in the latter there was a tendency to increase
the frequency of use of the contralateral limb in
the treated group. The degree of sensorimotor
deficit of the posterior contralateral limb in the
WB test was lower (p < 0.05) in rats administered
mafedine compared to the TBI group.

Similar to the group of traumatized animals
without treatment, rats injected with mafedine
after trauma had a pronounced decrease in the
expression level of all the analyzed genes (Fig. 4)
in both hemispheres compared to the control
group. However, in contrast to the TBI group, in
animals injected with mafedine, the expression
level for most genes (except for il6) was higher in

Table 1. Nucleotide sequences of the primers used

Gene Primers Reference

bdnf FW: 5'�CCGGTATCCAAAGGCCAACT�3'
RV: 5'�CTGCAGCCTTCCTTGGTGTA�3'

[18]

il1b FW: 5'�GTTCTGTCCATTGAGGTG�3'
RV: 5'�ATTGTGGCTGTGGAGAAG�3'

[19]

il6 FW: 5'�TACTTCACAAGTCCGGAG�3'
RV: 5'�TCCAGAAGACCAGAGCAG�3'

[19]

tnfa FW: 5'�CACGCTCTTCTGTCACTGA�3'
RV: 5'�GGACTCCGTGATGTCTAAGT�3'

[20]

adra2a FW: 5'�GGTAAGGTGTGGTGGGAGAT�3'
RV: 5'�CAGCGCCCTTCTTCTCTATG�3'

[21]

adra2b FW: 5'�GCACCACACAAAACCTGTTCCT�3'
RV: 5'�TTGTAGATGAGGGGCGGTAG�3'

[21]

adra2c FW: 5'�TACTGTGCTGGTTCCCCTTC�3'
RV: 5'�CAGAGGCCCAGTTGTCTCTC�3'

[21]
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the right, healthy hemisphere than in the left,
injured one (p < 0.01 for adra2b and il1b). When
comparing index values between groups, the
expression levels of adra2b, tnfa, and il6 in the left
hemisphere were significantly lower (p < 0.05 in
all cases) in the mafedine group compared to the
untreated group.

DISCUSSION

In the present study, it was found that a course
of 7�day administration of mafedine to rats that
had suffered a TBI increased the locomotor and
search�exploration activity of the latter in the OF
test on the 7th day after surgery. These data are
consistent with the results obtained in two previ�
ous series of experiments [14], in the first of which
the effective dose of mafedine was selected and
compared with the activity of another α2�adrener�
gic receptor agonist clonidine, and in the second,

the effects of mafedine against the administration
of α2�adrenergic receptor agonist yohimbine. In
both cases, mafedine at a dose of 2.5 mg/kg
increased total motor activity (calculated as the
sum of squares crossed, rears, hole poking, and
grooming) of rats with TBI in the OF test com�
pared with the control on the 3rd day after surgery
(Fig. 5).

It is worth noting that in this study, the behavior
of the rats with TBI differed little from that of the
control animals, and significant differences
between the groups were obtained only by two
indices: the number of rears and hole pokes. In
past series of experiments [14], the decrease in
total motor activity in injured rats on the 3rd day
after surgery was always statistically significant.
Similar changes in the behavior of injured animals
were also obtained when studying other molecules
[17, 21]. This is probably due to the fact that in the
present series, we tested the rats in the OF on the

Fig. 2. Behavioural parameters of the Control (Control, n = 10), TBI (TBI, n = 9), and TBI+mafedine (MAF, n = 9) group
animals in the Open field test. Data are presented as median (min; max). For the number of line crossings (F2,25 = 3.972, p <
0.05) and mean velocity (F2,25 = 7.453, p < 0.01), one�way ANOVA and post hoc Tukey’s test were used; for the number of
rears (H = 7.105, p < 0.05) and hole pokes (H = 8.184, p < 0.05), the Kruskal–Wallis and post hoc Dunn’s tests were used. *
p < 0.05, ** p < 0.01, statistically significant differences from the TBI group; && p < 0.01, statistically significant differences
from the Control group.
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7th rather than the 3rd day after injury, and the
spontaneous recovery of locomotor activity, char�
acterized by such indices as the distance covered,
the number of crossed squares, average speed, as
well as the number of freezings and their total
duration, had already occurred [23].

In addition, the present work had two addi�
tional differences in the experimental conditions
from the past series. First, the injectable drug
chloral hydrate used was replaced by the less toxic
tiletamine/zolazepam [24, 25], and, second, a
new device was used to deliver a controlled impact
to the sensorimotor cortex area (Table 2). When
comparing the parameters of trauma application,
we can conclude that in the present study, the TBI
was more severe and, therefore, the severity of
neurological deficit in all tests should have been
higher than in the past experiments. Although the
degree of sensorimotor deficit in rats with TBI in
the limb placing test in the present study was simi�
lar to that in the previous series (the test results
were used as a criterion for the success of the TBI

simulation), in the WB test this index was several
times lower for both paws, which indicates a more
rapid spontaneous recovery of sensorimotor func�
tions. We can conclude that in the present study,
there was greater damage to the left hemisphere,
but by day 7, the degree of recovery of sensorimo�
tor functions of the anterior and posterior contra�
lateral paws was higher. The most probable
explanation for this feature is the neuroprotective
effect of tiletamine and zolazepam used to anes�
thetize the rats before surgery. In spite of the fact
that both chloral hydrate and tiletamine/zolaze�
pam have neuroprotective effects [26, 27], when
comparing their effectiveness in the model of
ischemia�reperfusion by middle cerebral artery
occlusion in rats, it was shown that the second
agent is more active [27]. In animals injected with
tiletamine/zolazepam at a dose of 40 mg/kg 24 h
before modeling ischemia, there was a more rapid
recovery of motor functions in the Limb placing
test, as well as less infarct volume and severity of
brain edema. Thus, the less pronounced neuro�

Fig. 3. Contralateral fore� and hindlimb function of the Control (Control, n = 10), TBI (TBI, n = 9), and TBI+mafedine
(MAF, n = 9) group animals as assessed by the Limb placing (a), Cylinder (b), and Beam walking (c) tests. Data are presented
as median (min; max). CL, contralateral (left) forelimb use rate, FL, forelimb, HL, hindlimb, SD, sensorimotor deficit sever�
ity (%); * p < 0.05, ** p < 0.01, statistically significant differences from the TBI group (the Kruskal–Wallis and post hoc
Dunn’s tests). (a): H = 22.34, p < 0.01, H = 19.67, p < 0.01, and H = 20,19, p < 0.01 for days 1, 3, and 7, respectively; (b): H =
7.158, p < 0.05; (c): H = 8.964, p < 0.05 and H = 12.1, p < 0.01 for the fore and hind limbs, respectively.
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protective effect of mafedine in the present series
can be attributed to the fact that, first, the testing
of injured rats in the OF test was performed at a
later period after the TBI, and, second, the anes�
thesia used could mask the effects of the com�
pound under study due to its own neuroprotective
effect.

The effect of α2�adrenergic receptor agonists
on the course of pathological processes during

ischemic or traumatic brain damage has been
repeatedly shown in experiments on rodents [7–
9, 28]. Initially, the following were considered as
the supposed mechanisms of neuroprotective
action of this group of drugs: reduction of exces�
sive release of excitatory mediators by action on
presynaptic α2�adrenergic receptor, blockade of
potential�dependent calcium channels, activation
of G�protein�bound K+ channels of internal rec�

Fig. 4. Relative expression of the adra2a, adra2b, adra2c, bdnf, il1b, il6, tnfa genes in the left (L) and right hemispheres in the
experimental animals of the Control (Control, n = 10), TBI (TBI, n = 9), and TBI+mafedine (MAF, n = 9) groups. Left
panel represents a heatmap of gene expression; 100% corresponds to the respective intact values (left hemisphere). Data are
presented as median (min; max). * p < 0.05; ** p < 0.01, significant differences between the two hemispheres (the Kruskal–
Wallis and post hoc Dunn’s tests); & p < 0.05, && p < 0.01, significant differences from respective intact values (respective
hemisphere; the Kruskal–Wallis and post hoc Dunn’s tests); # p < 0.05, significant difference from respective TBI values
(respective hemisphere; the Kruskal–Wallis and post hoc Dunn’s tests). For comparison of relative gene expression levels
between the two hemispheres within a group, the Wilcoxon–Mann–Whitney test was used. adra2a: H = 12.35, p < 0.01 and
H = 14.37, p < 0.01 for Control_L vs TBI_L vs MAF_L and Control_R vs TBI_R vs MAF_R; adra2b: H = 18.83, p < 0.01
and H = 10.97, p < 0.01 for Control_L vs TBI_L vs MAF_L and Control_R vs TBI_R vs MAF_R; adra2c: H = 16.44, p <
0.01 and H = 2.361, p = 0.3071 for Control_L vs TBI_L vs MAF_L and Control_R vs TBI_R vs MAF_R; bdnf: H = 4.25, p =
0.1194 and H = 4.816, p = 0.0900 for Control_L vs TBI_L vs MAF_L and Control_R vs TBI_R vs MAF_R; il1b: H = 8.352,
p < 0.05 and H = 10.71, p < 0.01 for Control_L vs TBI_L vs MAF_L and Control_R vs TBI_R vs MAF_R; il6: H = 16.47, p <
0.01 and H = 19.22, p < 0.01 for Control_L vs TBI_L vs MAF_L and Control_R vs TBI_R vs MAF_R; tnfa: H = 8.998, p <
0.05 and H = 7.551, p < 0.05 for Control_L vs TBI_L vs MAF_L and Control_R vs TBI_R vs MAF_R.
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tification, inhibition of adenylate and guanylate
cyclase or development of systemic hypothermia
[9, 29]. Later, numerous works demonstrated the
ability of dexmedetomidine to reduce the inten�
sity of inflammatory processes in the injury area,
normalize the function of the blood�brain barrier,
reduce cerebral edema, as well as inhibit the pro�
cess of neuronal apoptosis and prevent autophagy
[10]. Particular attention of experimental studies
was paid to the effect of the drug on the TLR4/
MyD88/NF�κB signaling pathway, which pro�
duces cytokines that can cause damage to the ner�
vous system, such as IL�1β, IL�6, and TNF�α
[30, 31]. Therefore, these inflammatory media�
tors were chosen as potential targets of mafedine
action in the present study.

In contrast to this work, most other studies

using a model of TBI in rats have examined the
expression of IL�1β, IL�6 and TNF�α within the
first 3 days after injury. This is due to the fact that
the release of proinflammatory cytokines occurs
in the acute period after a TBI, which was clearly
demonstrated by Dalgard et al. [33]. This study
also showed that the increase in proinflammatory
cytokines occurs to a greater extent in the injured
hemisphere. Similarly, in experiments on
C57BL/6 mice [33], TBI caused an increase in
IL�1β, IL�6 levels (both gene and protein expres�
sion) in the injured hemisphere from days 1 to 7
after injury, but this rise was higher in the ipsilat�
eral hemisphere compared to the contralateral
one. In addition, a slight decrease in IL�1β
mRNA levels by day 20 postinjury was observed in
the latter work.

Fig. 5. A heatmap of mean δ�, θ�, α�, low and high�frequency β�wave amplitudes in channels FP1, FP2, C3, C4, O1, and O2
at post�traumatic brain injury days 3 and 7. TBI—rats with traumatic brain injury and no treatment, Mafedine—rats with trau�
matic brain injury having received mafedine at 2.5 mg/kg b.w. q.d. for 7 d, Dex—rats with traumatic brain injury having
received the α2�adrenergic agonist dexmedetomidine (reference drug) at 25 μg/kg b.w. q.d. for 7 d. 100% coresponds to the
respective intact values. Figure is taken from our previous work [22].

Table 2. Parameter comparison of the devices used to induce traumatic brain injury in the previous [14, 15, 17,
22] and current work

Parameter Previous works Current work

Impacting surface diameter, mm 3 4

Impacting surface stroke length, mm 4 5

Weight fall height, cm 10 22

Weight, g 50 60

Impacting surface shape cylinder�like spheric
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The unexpected decrease in the expression level
of proinflammatory cytokines in rats with TBI
compared to the control group in the present work
may be related to the neuroprotective effect of the
anesthetic agent used, which was mentioned ear�
lier. Dalgard et al. [33] and Lagraoui et al. [34]
used in their work a mixture of 2% isoflurane and
98% oxygen, which probably has no pronounced
effect on proinflammatory cytokine expression.
Nevertheless, despite some differences in the
present work in changes of IL�1β, IL�6 and TNF�α
expression in rats after injury from the results of
other authors’ works, the effects of mafedine are
pronounced and in most cases statistically signifi�
cant. The compound under study suppressed the
levels of IL�1β, IL�6 and TNF�α in the injured
hemisphere in rats as compared to untreated ani�
mals, while the expression of IL�1β in the contra�
lateral hemisphere increased as compared to the
ipsilateral hemisphere, this feature of mafedine
action certainly cannot be unequivocally inter�
preted as a positive or negative effect. Neverthe�
less, the data obtained suggest that the compound
studied may have an effect on the inflammatory
processes in the cerebral cortex in rats after injury.

Neurotrophic factors, especially brain�derived
neurotrophic factor BDNF, play an important
role in the recovery processes after TBI, ensuring
neuronal survival, axonal sprouting, and synapto�
genesis [34]. Due to this fact, this trophic factor
has become the object of close study of research�
ers engaged in neuroprotection. Experimental
works on rodents have revealed a positive correla�
tion between the induction (protein or mRNA) of
BDNF in brain tissues, as well as the reduction of
neurological deficit degree in animals in behav�
ioral or functional tests (Neurological severity
score, Morris water maze, Walking beam test,
etc.) [34]. It has also been shown that in humans,
BDNF gene polymorphism can influence the
outcome of a traumatic brain injury [35, 36], but
the mechanisms of this influence remain unstud�
ied. Therefore, an increase in BDNF expression
under therapeutic or pharmacological influence is
usually considered as a manifestation of neuro�
protective effect. It is worth noting that BDNF
expression can vary over time after injury, as well
as depending on the analyzed brain region [34].
For example, it has been shown that in the first

few days after a TBI (acute period), it increases in
the cortical and hippocampal regions located ipsi�
lateral to the injury site. On the 7th day (chronic
period), the BDNF level in these areas decreases,
which was also demonstrated in this study. In
spite of the fact that there were no significant dif�
ferences between the experimental groups and
hemispheres in the present study, the diagrams
show that TBI leads to the decrease of BDNF
expression in both hemispheres, and this decrease
is more pronounced in the contralateral hemi�
sphere of rats with untreated trauma. Administra�
tion of mafedine to rats after TBI reverses this
pattern and makes the pattern of changes in
BDNF expression similar to that of IL�1β, IL�6,
and TNF�α, which can be considered as a conse�
quence of the effect of the compound under study
also on BDNF�dependent neuroplastic processes
in the brain in rats after TBI.

It is now known that different subtypes of
α2�adrenergic receptors take part in the regula�
tion of arterial pressure, transmission of pain
impulses at different levels, implementation of the
sedative effect of α2�adrenergic receptor agonists
and in some other physiological functions [37].
From the point of view of the central nervous sys�
tem, behavior, and cognitive functions, α2C�
adrenergic receptors are of the greatest interest,
since they have been shown to be involved in the
regulation of locomotor activity [38], sensory
information processing [39], and spatial and non�
spatial memory [40]. It has also been shown that
mice with the α2C�adrenergic receptor gene
knockout have an enhanced startle reflex, reduced
prepulse inhibition, and greater isolation�induced
aggression [41]. In view of the above, it is most
likely that the neuroprotective effects of α2�adren�
ergic receptor agonist can be realized due to the
activation of the 2C�subtype. However, if we con�
sider the blockade of glutamate excitotoxicity to
be the basis of the neuroprotective effect of these
drugs, then not only 2C�receptors but also 2A�,
since both subtypes are presynaptically located
autoreceptors, become the assumed targets [42].
Nevertheless, in the present study, the expression
pattern of all three α2�adrenergic receptor sub�
types in the brain of rats after the TBI was similar
and, moreover, similar to that of IL�1β, IL�6,
TNF�α, and BDNF. This similarity is probably
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due to the fact that α2�adrenergic receptors,
inflammatory mediators, and BDNF are pathoge�
netically related, and the induction of their
expression occurs sequentially within a common
pathological cascade. Moreover, based on the
data obtained, all 3 subtypes are almost equally
involved in this cascade. The effect of mafedine
was statistically significant on the expression level
of the 2B�subtype, nevertheless, the general pat�
tern was also observed for the other subtypes.

In an experimental series devoted to the effect
of mafedine on brain bioelectrical activity in rats
that underwent a TBI [15], there was a pattern in
which the rats that received daily mafedine
administration at a dose of 2.5 mg/kg for 7 days
had higher mean amplitude δ�rhythms in the
injured area (channels FP1 and C3). At the same
time, by the 7th day after surgery in the remote
areas from injury (channels FP2, C4, O1, and
O2), the values of the recorded rhythms were
close to those of healthy rats. A marked rise in
δ�rhythm activity is an indicator of organic
lesions (e.g., TBI or stroke) of the brain in rats
[14, 43]. Thus, the data obtained showed that
mafedine, on the one hand, improves the condi�
tion of brain regions remote from the place of
injury, and, on the other hand, probably aggra�
vates the course of pathological processes in the
area of injury. This assumption is consistent with
the changes in the expression of the analyzed
genes presented in the present study. It seems
plausible to conclude that mafedine is capable of
worsening the state of the injured brain region in
rats during a TBI while activating compensatory
mechanisms in areas distant from the injury site,
such as caudal cortical regions of the injured
hemisphere or the opposite, non�injured hemi�
sphere. The possibilities of functional reorgani�
zation and axonal sprouting of healthy, preserved
areas of the rodent brain in organic lesions have
been repeatedly shown, for example, in models
of ischemic stroke [44]. However, undoubtedly,
additional studies using immunohistochemical
methods of investigation and application of spe�
cial methods of staining and labeling of new syn�
aptic connections are required to prove the ability
of mafedine to influence neuroplastic processes in
the brain after injury.

Thus, our studies have established that mafe�

dine when administered at a dose of 2.5 mg/kg for
7 days after a traumatic injury in rats reduces the
degree of neurological deficit in injured animals,
manifested by a decrease in exploratory activity as
well as impaired motor function of the fore and
hind limbs. When analyzing the expression levels
of IL�1β, IL�6, TNF�α, BDNF, and α2�adrener�
gic receptor subtypes in the cortex of the injured
and healthy cerebral hemispheres, it was found
that the compound under study suppresses the
expression of all the analyzed genes in the injured
hemisphere. At the same time, the expression of
these genes increases in the opposite healthy
hemisphere, which is probably associated with the
development of compensatory mechanisms of
neuroplasticity, which to some extent agrees with
the previously obtained data on the effect of mafe�
dine on the bioelectrical activity of the brain in
rats after TBI. The results obtained suggest that
further study of the molecular mechanisms of
mafedine action should be aimed at studying the
ability of the compound to influence the number
and functional activity of the proteins encoded by
the genes studied in this work in rats with trau�
matic brain injury. It is of particular interest to
study the ability of mafedine to initiate neuroplas�
tic changes in the brain after TBI, leading to a
positive functional outcome in traumatized ani�
mals.
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