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Abstract: Introduction/Objective: Traumatic Brain Injury (TBI) causes substantial neurological
deficits and remains a major therapeutic challenge. This study aimed to evaluate the neuroprotec-
tive properties of Vindeburnol (VIND), a semi-synthetic derivative of vincamine, and to identify
its potential molecular targets and optimal dosing regimen for post-traumatic treatment.

Methods: Radioligand binding assays were used to determine VIND affinity for 22 CNS recep-
tors, 7 ion channels, and 1 enzyme at a concentration of 10 uM. The in vivo neuroprotective effect
was studied in a rat model of TBI induced by controlled cortical impact. VIND was administered
intraperitoneally at doses of 10 or 20 mg/kg daily or every other day for 10 days. Neurological re-
covery was assessed using the beam-walking and limb-placement tests, and brain lesion volume
was quantified by MRI on day 14.
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Results: VIND showed strong inhibition of radioligand binding at a1- and a2-adrenergic recep-
tors (74% and 84.1%, respectively). In vivo, the most pronounced neuroprotective effect was ob-

served at 20 mg/kg every other day, resulting in approximately a twofold reduction in lesion vol-
%)2[}74/0,187,5273454662260416105842 ume (88.7 + 6.5 mm’vs. 179.4 + 19.3 mm’ in saline-treated TBI rats, p < 0.001) and a significant

improvement in neurological outcomes. The 10 mg/kg dose showed a non-significant trend to-

wards neuroprotection.

Discussion: The neuroprotective effect of VIND is likely mediated by the inhibition of excessive
adrenergic receptor activation, resulting in improved neuronal survival and functional recovery.
These findings highlight adrenergic modulation as a promising therapeutic mechanism for mitigat-
ing post-traumatic brain damage.

Conclusion: Vindeburnol demonstrated significant neuroprotective efficacy in a rat model of TBI
and may represent a promising pharmacological candidate for post-traumatic neuroprotection.

Keywords: Traumatic brain injury, vindeburnol, adrenergic receptors, neuroprotection, CNS receptors, experimental pharma-
cology, neurobehavioral recovery.

1. INTRODUCTION

Traumatic Brain Injury (TBI) remains a major global
public health challenge due to its high mortality and disabili-
ty rates, which exceed those of all other injuries [I,2].

Epidemiological studies highlight the scale of the problem:
in 2018 alone, an estimated 69 million (95% CI 64-74 mil-
lion) people worldwide suffered a TBI from all causes [1].
This high incidence, combined with serious health conse-
quences, underlines the urgent need for targeted prevention
and intervention strategies.
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Currently, TBI treatment is largely supportive and focus-
es on critical care measures such as monitoring intracranial
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pressure, maintaining adequate cerebral perfusion, and opti-
mising cerebral oxygenation [3]. These measures aim to sta-
bilise patients and prevent secondary brain damage that may
worsen outcomes. However, despite advances in acute care,
these measures are often insufficient to address the long-
term consequences of TBI. Many patients experience persis-
tent cognitive deficits, motor impairments, and neuropsychia-
tric disorders such as depression, anxiety, and post-traumatic
stress, which significantly affect their quality of life and
functional independence. Therefore, the search for new thera-
peutic approaches to reduce the neurological consequences
of TBI is a very important task for current biomedical re-
search.

Recent advances in neuroprotective pharmacotherapy
have focused on adrenergic receptor modulation. Neuropro-
tective effects have been demonstrated for atipamezole, an
a2-adrenoceptor antagonist, in a rat model of focal cerebral
ischaemia using behavioural tests [4]. Blocking adrenergic
receptors (a combination of propranolol, prazosin, and ati-
pamezole) reduced stroke volume and neurological deficit,
decreased asynchronous aberrant astrocytic Ca’" activities,
and facilitated normalisation of extracellular ion balances in
the photothrombosis mouse model [5].

One promising neuroprotective molecule is Vindeburnol
(VIND) ((¢)-(30,14p)-20,21-dinoreburnamenine-14-ol; de-
velopmental codes RU24722 or BC19), a structural ana-
logue of vincamine, a known cerebral vasodilator and alka-
loid derived from Vinca minor. VIND has attracted attention
for its potential therapeutic effects in various neurological
conditions due to its multiple pharmacological properties, in-
cluding anti-inflammatory effects and modulation of cere-
bral blood flow [6]. Preclinical studies have demonstrated
the efficacy of VIND in several in vivo models of brain dis-
ease. For example, in multiple sclerosis models, VIND has
shown promise in reducing neuroinflammation and demyeli-
nation, as well as promoting remyelination and functional re-
covery [7, 8]. In models of Alzheimer’s disease, VIND re-
duced amyloid burden in the hippocampus and cortex, areas
involved in the regulation of anxiety-like behaviour in 5x-
FAD mice [8]. Recent research has also highlighted its an-
tidepressant-like effects in models of depression-like be-
haviour. VIND was found to modulate monoaminergic neu-
rotransmission and reduce stress-induced neuronal damage

[6].

Several lines of indirect evidence support the idea that
VIND exerts its pharmacological effects through adrenergic
receptor antagonism. First, VIND has been shown to modu-
late dopamine metabolism and affect the electrical activity
of Locus Coeruleus (LC) neurons in a manner similar to
known a2-adrenergic receptor antagonists, such as yohim-
bine and piperoxan [9]. Second, studies in rats have demons-
trated that VIND increases tyrosine hydroxylase activity and
specific protein content in noradrenergic cells of the LC, im-
plying a further role in adrenergic signalling. Notably, the ac-
tivating effects of VIND on the LC were antagonised by
clonidine, a well-characterised o2-adrenergic agonist,
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suggesting that VIND interacts with a2-receptors in a func-
tionally distinct way [10].

Based on these findings, the present study investigates
the antagonistic properties of VIND on neuronal receptors
and explores its potential neuroprotective effects in a rat
model of TBI.

2. MATERIALS AND METHODS

2.1. Vindeburnol Synthesis

Vindeburnol (VIND, RU24722, BC19, 1,11-diazapenta-
cyclo- [9.6.2.02,7.08,18.015,19]nonadeca-2,4,6,8 [18]-te-
traen-17-0l) was synthesized as previously described by
Chen et al. [11] with slight modifications, and its purity was
determined by High-Performance Liquid Chromatography
(HPLC) analysis.

2.2. Radioligand Binding Assays In Vitro

The radioligand binding assays were conducted by Eu-
rofins Discovery (France, https://www.eurofinsdiscoveryser-
vices.com) on a fee-for-service basis. The affinity of Vinde-
burnol for 22 CNS receptors, 7 ion channels, and 1 enzyme
was tested in radioligand binding assays at a concentration
of 10 uM in DMSO solution (Eurofins, France). The experi-
ment was carried out in accordance with the Eurofins valida-
tion standard operating procedure. All radioligand binding
assays were performed in 96-well plates using binding buf-
fer (25 mM HEPES, 100 mM NaCl, 2 mM MgCl, and 1
mM 3-[(3-cholamidopropy) dimethyl ammonio]-1-propane-
sulfonate (CHAPS) at pH 7.4 (NaOH)). Depending on the as-
say, different receptor/ion channel/enzyme sources, ligands,
receptor antagonists/agonists, and time and temperature of
incubation were used (Table 1). Ligand binding was deter-
mined by filtering the assay mixture through GF/C What-
man filters (Cytiva, Marlborough, MA, USA). After wash-
ing the filters, liquid scintillation counting was performed to
quantify radioactivity, except for serotonin, for which radioli-
gand binding detection was used. The binding of the com-
pound was calculated as the percentage inhibition of binding
of a radiolabelled ligand specific to each target. The receptor
binding assays were performed twice.

The binding of vindeburnol to CNS receptors was calcu-
lated as the percentage inhibition of a receptor-specific radi-
oligand. Results showing inhibition or stimulation of less
than 25% are considered non-significant and are mostly due
to variability of the signal around the control value. Results
showing inhibition or stimulation between 25% and 50% in-
dicate weak to moderate effects. Results showing inhibition
or stimulation of more than 50% in assays performed under
basal conditions are considered significant effects of the test
compounds.

2.3. Animals

For the experiment, adult male Wistar rats aged 3
months and weighing 250-300 grams were used. The ani-
mals were obtained from the animal facility of the A.N. Be-
lozersky Institute of Physico-Chemical Biology. All animal
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Table 1. Experimental protocol of radioligand binding assays in vitro.

Assay Source | Ligand | Conc. | Kd | Non Specific |Incubation
Receptors
al (non-selective) Rat cerebral 3 . prazosin 60 min
(antagonist radioligand) cortex [Hprazosin 10.25 nM} 0.09 "M (0.5 uM) RT
02 (non-selective) Rat cerebral ['HJRX (-)epinephrine 60 min
(antagonist radioligand) cortex 821002 0-5nM 1 0.38 nM (100 uM) RT
. A Human recombinant N WIN 55212-2 120 min
CB, (h) (agonist radioligand) (CHO cells) [[H]CP 55940 0.5nM | 3.5nM (10 uM) 370C
. . Human recombinant CHIWIN WIN 55212-2 120 min
B t 1 . .
CB,(h) (agonist radioligand) (CHO cells) 552122 0.8nM | 1.5nM (5 uM) 37°C
. . Human recombinant [H]SCH 60 min
D 1
\(h) (antagonist radioligand) (CHO cells) 23390 0.3nM | 0.2nM SCH 23390 (1uM) RT
. . Human recombinant [H]methyl- (+)butaclamol 60 min
Dy | ; . .
,s(h) (antagonist radioligand) (HEK-293 cells) spiperone 0.3nM | 0.15nM (10 uM) RT
. - Human recombinant [’H]7-OH-D- Butaclamol 60 min
Dy 1
,s(h) (agonist radioligand) (HEK-293 cells) PAT 1nM |0.68 nM (10 uM) RT
. - Human recombinant [H]methyl- Butaclamol 60 min
D, (h) (antagonist radioligand) (HEK-293 cells) spiperone 0.3nM | 0.1 nM (10 M) RT
. L Human recombinant [H]methyl- (+)butaclamol 60 min
D;(h) (antagonist radioligand) (CHO cells) spiperone 0.3 nM |0.085 nM (10 uM) RT
. o Human recombinant [H]methyl- (+)butaclamol 60 min
D, ,(h) (antagonist radioligand) (CHO cells) spiperone 0.3nM | 0.19 nM (10 uM) RT
. - Human recombinant (GH4 [H]SCH SCH 23390 60 min
Ds(h) (antagonist radioligand) cells) 23390 0.3nM | 0.25 nM (10 uM) RT
GABA (non-selective) Rat cerebral 3 GABA 60 min
(agonist radioligand) cortex [HJGABA | 10nM | 15nM (100 uM) RT
. - Hi inant . Muscimol 120 mi
GABA,(h) (a1,$2,y2) (agonist radioligand) “‘?‘é‘ggc(‘:’;"“z;“a“ [*H]muscimol | 15nM | 30 nM (1“53;}[‘)’ ?{? -
. - Human recombinant [HICGP CGP 52432 120 min
GABA,,,,,(h)(antagonist radioligand) (CHO cells) 54626 1 nM 1 nM (100 uM) RT
H.(h . o Human recombinant 3 o Pyrilamine 60 min
\(h) (antagonist radioligand) (HEK-293 cells) [H]pyrilamine| 1nM | 1.7 nM (1 uM) RT
. L Human recombinant [’H]N"-Me-his- (R)a-Me-histamine 60 min
H,(h) (agonist radioligand) (CHO cells) tamine 1nM |0.32nM (1 uM) RT
. L Human recombinant 3 LPA 90 min
LPA,(h) (agonist radioligand) (CHO cells) [H]JLPA 2nM | 19nM (10 uM) RT
M,(h) (antagonist radioligand) Human recombinant *H]4-DAMP [ 0.3nM | 0.3 nM Atropine 60 min
s g & (CHO cells) [H]4- : : (1 uM) RT
. - Human recombinant ["*I]a-bungaro- . 120 min
N neuronal a7 () (antagonist radioligand) (SH-SYSY cells) toxin 0.05 nM[ 0.34 nM |a-bungarotoxin (1 M) 37°C
Opioid (non-selective) Rat cerebral 3 Naloxone 40 min
(antagonist radioligand) cortex [Hnaloxone | 1nM | 2.6 nM (1 uM) RT
Sigma (non-selective) (4) (agonist radioligand) Jurkat cells (endogenous) HIDTG 10nM | 41 nM | Haloperidol (10 uM) 120R¥1 n
Serotonin (5-Hydroxytryptamine) 5- HT1 (non-selec- Rat cerebral [’H]Serotonin oM | 0.62 nM Serotonin (5-HT) 60 min
tive) cortex (5-HT) ' (10 uM) 25°C
Ion Channels
. - Rat cerebral [H]flunitraze- Diazepam 60 min
BZD (central) (agonist radioligand) cortex pam 04nM | 2.1 nsM (3 uM) 4°C
. L Rat cerebral 3 L-glutamate 60 min
AMPA (agonist radioligand) cortex [HIAMPA | 8nM | 82nM (1 mM) 4°C
. . .. Rat cerebral 3 .. . L-glutamate 60 min
Kainate (agonist radioligand) cortex ['H]kainic acid]| 5nM | 19nM (1 mM) 4°C
. - Rat cerebral [H]CGP L-glutamate 60 min
NMDA (antagonist radioligand) cortex 30653 5oM | 23nM (100 uM) 4°C

(Table 1) Contd....
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Assay Source Ligand Conc. Kd Non Specific Incubation
Glycine (strychnine-insensitive) (antagonist radioli- Rat cerebral ’H]MDL 050M | 50M Glycine 45 min
gand) cortex 105,519 ’ (1 mM) 0°C
. . Rat cerebral 5 MKZS801 120 min
PCP (antagonist radioligand) cortex [H]TCP 10nM | 13nM (10 uM) 3750
. . L Rat cerebral 35 Picrotoxinin 120 min
CI channel (GABA-gated) (antagonist radioligand) cortex ["S]TBPS 3nM | 14.6 1M (20 uM) RT
Transporters
. . . o Human recombinant PR, . Desipramine 120 min
Norepinephrine transporter (h) (antagonist radioligand) (CHO cells) [H]nisoxetine| 1nM | 2.9nM (1 uM) 4°C
. . - Human recombinant 3 BTCP 120 min
Dopamine transporter (h) (antagonist radioligand) (CHO cells) [H]BTCP 4nM | 4.5nM (10 uM) 4°C
H]GABA
(+10 uM .
GABA transporter (antagonist radioligand) Rat cerebral isoguvacine) | 10 nM 4600 nM GABA 30 min
cortex (1 mM) RT
(+ 10 uM ba-
clofen)
Choline transporter (CHT1) (%) (antagonist radioli- Human recombinant [‘H]hemi- 30M | 3.9 0M Hemicholinium-3 60 min
gand) (CHO cells) cholinium-3 ’ (10 uM) RT
. - Human recombinant [HJimipramin Imipramine 60 min
5-HT transporter (%) (antagonist radioligand) (CHO cells) . 2nM | 1.7nM (10 uM) RT
Other Enzymes
. - Rat cerebral [H]Ro Clorgyline 60 min
MAO-A (antagonist radioligand) cortex 41-1049 10nM | 14nM (1 tM) 370C

Abbreviations: al-alpha-1 adrenergic receptor; 02—alpha-2 adrenergic receptor; CB,—the type 1 cannabinoid receptor; CB,—the type 2 cannabinoid receptor; D,—dopamine D1 recep-
tor; D,g—the short isoform of dopamine D2 receptors; D, —long isoform of dopamine D2 receptors; D;—dopamine D3 receptor; D, ,—4-repeat variants of dopamine D4 receptors;
D;—dopamine D5 receptor; GABA—y-amino butyric acid receptor; GABA,,(al,32,y2)-GABAA receptor including a1B2y2 subunit; GABA,(1b)-GABA type B receptor subunit 1 iso-
form X2; H ~histamine H1 receptor; H,~histamine H3 receptor; LPA —lysophosphatidic acid receptor 1; M;—muscarinic receptor M5 subtype; N neuronal a7—-07 nicotinic acetylcho-
line receptor; Opioid—opioid receptor; Sigma-sigma receptor; Serotonin-serotonin receptor; BZD-benzodiazepine receptor; AMPA—a-amino-3-hydroxy-5-methyl-4-isoxazolepropri-
onic acid receptor/Na+ ion channel; Kainate—Kainate receptors/tetrameric ligand-gated ion channel; NMDA-N-methyl D-aspartate receptor/ligand-gated cation channel; Glycine—g-
lycine receptor/ligand-activated Cl— ion channel; PCP—Phencyclidine receptor; 5-HT transporter—5-Hydroxytryptamine serotonin transporter; MAO-A—Monoamine oxidase A.

procedures were approved by the Bioethics Committee of
the A.N. Belozersky Institute of Physico-Chemical Biology
(Protocol No. 4/23, 12 April 2023) and conducted in accor-
dance with the Guide for the Care and Use of Laboratory An-
imals of the U.S. National Research Council. This study ad-
heres to internationally accepted standards for animal re-
search, following the 3Rs principle. The ARRIVE guide-
lines were employed for reporting experiments involving
live animals, promoting ethical research practices.

Rats were maintained under controlled conditions, in-
cluding a 12:12-hour light:dark cycle, a stable temperature
of 22 + 2°C, and unrestricted access to standard chow and
drinking water. Prior to induction of TBI, animals under-
went a 14-day quarantine. Standard exclusion criteria (such
as pre-operative illness, abnormal behaviour, surgical com-
plications, or failure to recover from anaesthesia) were pre-
defined, but none of the animals met these criteria during the
experiment. All animals meeting the inclusion criteria
(healthy adult male Wistar rats, 250-300 grams, 3 months
old) were included in the study. Standard humane endpoints
(weight loss > 20%, inability to eat or drink, severe apathy,
persistent seizures, self-mutilation) were predefined; no ani-
mals reached these criteria.

2.4. TBI Model

All surgical procedures were performed under inhalation
anaesthesia with isoflurane (Aerrane, Baxter HealthCare Cor-
poration, USA). Anaesthesia was induced at a concentration

of 5% and maintained at 1.5-2.5% for the duration of the
procedure. Body temperature was regulated using a heating
pad with a rectal sensor to ensure stable thermoregulation.
Additionally, the surgical site on the head was locally anaes-
thetised with lidocaine to minimise discomfort. The experi-
mental model used was a modified version of focal open se-
vere TBI in rats, based on established methods [12, 13]. Pri-
or to surgery, the scalp of each animal was shaved, and the
rat was securely immobilized in an RWD 71000 automated
stereotaxic device (RWD Life Science, Sugar Land, TX
77478, USA). The scalp was disinfected with Ioprep solu-
tion, and strict aseptic techniques were maintained through-
out the procedure to prevent infection. A longitudinal inci-
sion was made in the scalp to expose the skull. A trephina-
tion window with a diameter of 5 mm was carefully drilled
into the skull, targeting the sensorimotor cortex region
(stereotaxic coordinates relative to bregma: 2.5 mm lateral
and 1.5 mm caudal). A mechanical percussion device was
used to induce traumatic brain injury. This device consisted
of a 50 grams weight dropped from a height of 10 cm
through a hollow tube attached to a stand. The weight im-
pacted the brain to a depth of 3 mm below the bone, ensur-
ing the injury was localized above the dura mater. After the
injury, the wound was carefully closed with a simple inter-
rupted suture and treated with an antiseptic to promote heal-
ing and prevent infection. In the sham-operated control
group, the animals underwent identical procedures, includ-
ing anaesthesia, scalp incision, trephination, and suture, but
were not exposed to mechanical impact.
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2.5. VIND Intervention

The animals were randomly divided into five groups [1]:
the TBI control group, which received 1 mL saline intraperi-
toneally (i.p.) daily for 10 days (n = 6) [2]; the sham-operat-
ed control group, which received 1 mL saline i.p. daily for
10 days (n = 5) [3]; the TBI + VIND 20 mg/kg daily group,
which received 20 mg/kg VIND i.p. daily for 10 days, start-
ing the day after TBI induction (n = 8) [4]; the TBI + VIND
20 mg/kg every other day group, which received 20 mg/kg
VIND i.p. every other day for 10 days, starting the day after
TBI induction (n = 7); and [5] the TBI + VIND 10 mg/kg ev-
ery other day group, which received 10 mg/kg VIND i.p. ev-
ery other day for 10 days, starting the day after TBI induc-
tion (n = 6). The experimental design is shown in Figs. (1A-
E). Randomization was performed using the online tool
Mouse-Randomization (JS) to ensure unbiased group alloca-
tion. The same animals were used consistently for behavio-
ral and MRI analyses, and group sizes were identical for all
tests. All experimental groups were coded, and investigators
performing behavioural tests, MRI, and data analysis were
blinded to group allocation. Only the principal investigator
(Denis N. Silachev) knew the group composition to ensure
correct dosing and records.

2.6. Beam Walking Test (BWT)

Neurological assessment was performed using the beam
walking test, as previously described [14-16]. The BWT was
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performed on the 14th day after TBI. The narrowing beam is
135 ¢cm long. The beam is designed so that the animals have
a large area (5 cm wide) at the start. The width of the beam
gradually decreases to 3 cm in the middle and 1.5 cm just be-
fore the resting chamber. The beam and the resting cage are
positioned 50 cm above the floor. A mirror was attached to
allow simultaneous observation of all four paws. The experi-
ment was recorded with a video camera. At the start of each
trial, a bright light was switched on above the starting point
to encourage the rats to cross the beam. The animals were
trained for three days before TBI modelling. They learned to
walk on the board towards the box. For the test, each rat was
placed in a dark box filled with sawdust for 5 minutes. The
animal was then placed at the other end of the board and al-
lowed to walk back on its own. Each animal underwent this
test three times in succession as part of the assessment. To
evaluate the neurological deficit, we counted the total num-
ber of steps, half faults (slips), and foot faults (placing the
limbs on the bottom board). The deficit was scored using the
following formula: Neurological deficit = ((foot faults + 0.5
x half faults) / total number of steps) x 100.

2.7. Limb-Placing Test (LPT)

The test was performed three days before the injury and
again on the 7th and 14th days after the TBI to measure sen-
sorimotor impairments. The test was based on a published
protocol [17] with modifications by Jolkkonen et al. [4] and

Ve - Sham | |~ % TBI+VIND 20 mg/kg daily

e LPT LPT iz THI LPT LPT
n=5 Day [@ITIZISAISTI6]lZ B EHaii12[1314] n=8 Day VT[S TATS[E]7 [E]o]T011[12[13[14

BWT - -4l

d 4 dod 44 b4 MR T T P S MR

A saline c WIND {20 ma'kg)

— TBl || —s TEI+VIND 20 mg/kg every other day
T TEI LPT LPT B TBI LPT LFT
n=6  Day IlTZT3TaTSTe[7 [8TSToN1[12[1314] n=7 Day ] Z 314151678 [Olio[ii[12[13]i4]

- BWT -
it F 3 T 4 3§ i

B saline D VIND (20 mg/kg)

— T TBI+VIND 10 mg/kg every other day
e TBI LPT LPT
n=6 Day I V[Z[3[4[S]6[7][8[@1011[12[13[14]

= BWT
) d Fy g K, MR
E WVIND (10 ma/kg)

Fig. (1). Experimental design of the VIND intervention study in a TBI model. Animals were randomly assigned to five groups: (A) TBI + Sa-
line, control (1 mL saline i.p. daily for 10 days; n = 6); (B) Sham-Operated + Saline, control (1 mL saline i.p. daily for 10 days; n = 5); (C)
TBI + VIND 20 mg/kg daily (20 mg/kg VIND i.p. daily for 10 days post-TBI; n = 8); (D) TBI + VIND 20 mg/kg every other day (20 mg/kg
VIND i.p. every other day for 10 days post-TBI; n = 7); and (E) TBI + VIND 10 mg/kg every other day (10 mg/kg VIND i.p. every other
day for 10 days post-TBI; n = 6). Neurological testing timeline: On day 14 post-TBI, the Beam Walking Test (BWT) was performed to as-
sess motor coordination and neurological deficits. Sensorimotor function was evaluated using a limb-placing test on days 7 and 14 post-TBI.
On day 14 post-TBI, brain damage was assessed using a 7 Tesla MRI scanner. (4 higher resolution / colour version of this figure is available

in the electronic copy of the article).
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included seven tasks assessing forelimb and hindlimb senso-
rimotor activity. The limb-placing test assesses an animal's
ability to position its limbs correctly in response to specific
sensory cues, thereby evaluating sensorimotor integration,
proprioception, and limb coordination. Each task was per-
formed on both sides to sensitively detect unilateral neuro-
logical deficits typical of focal brain injury. Both sides were
assessed; however, as performance on the non-injured side
remained at baseline with no detectable impairment, only
the scores for the injured side are presented. The results
were scored as follows: normal performance (fast and com-
plete) — 2 points; slow (> 2 seconds) and/or incomplete per-
formance — 1 point; failed test — 0 points.

2.8. Magnetic Resonance Imaging (MRI)

The study was conducted on day 14 after the TBI. The
work was carried out on a tomograph with a magnetic field
induction of 7 Tesla and a gradient system of 105 mT/m
(BioSpec 70/30, Bruker, Germany). Animals were anesthe-
tized with isoflurane (1.5%-2%) and placed in a positioning
device with a stereotaxic and thermoregulation system as
previously described [15].

A standard rat brain examination protocol was used, in-
cluding acquisition of T2-weighted images. A linear trans-
mitter with an inner diameter of 72 mm was used to transmit
the radiofrequency signals, and a receiver coil on the surface
of the rat brain was used to detect the radiofrequency sig-
nals. The following Pulse Sequences (PS) were used:
RARE-PS based on a spin echo with the parameters TR =
6000 ms, TE = 63.9 ms, slice thickness 0.8 mm with a step
of 0.8 mm, matrix size 256 x 384, and resolution 0.164 x
0.164 mm/pixel. The total scanning time for one animal was
approximately 25 minutes. The degree of brain damage was
assessed by quantitative analysis of MRI images, with calcu-
lation of the volume of the damaged brain area using Imagel
1.52k software (National Institutes of Health image soft-
ware, Bethesda, MD, USA) in mm’.

2.9. Statistical Analysis

Statistical analysis of the quantitative data was conduct-
ed using GraphPad Prism 6 software (GraphPad Software,
Boston, MA, USA). All recorded data points were included
in the analysis. No animals or datasets were excluded accord-
ing to the predefined criteria, as no exclusion events oc-
curred. The normality of data distribution was assessed us-
ing the Shapiro—Wilk test. For single-time-point parameters
with a normal distribution, one-way ANOVA followed by Si-
dak’s post hoc test was used. For behavioural data collected
at multiple time points (days 7 and 14) that did not meet the
assumptions of normality, the Kruskal-Wallis test with Dun-
n’s post hoc test was applied to compare differences be-
tween groups at each time point. For comparisons involving
five groups of animals at two different time points, two-way
ANOVA was used to analyse the LPT data. Results are ex-
pressed as mean + SEM, with *p < 0.05, **p < 0.005, ***p
< 0.0005, ****p < 0.0001 considered statistically signifi-
cant.
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3. RESULTS

3.1. In Vitro Pharmacology: Radioligand Binding Assays

The affinity of VIND for CNS receptors (n = 22), ion
channels (n = 7), and the MAO-A enzyme was tested in phar-
macological radioligand binding assays at a concentration of
10 uM (Eurofins, France). The results are presented in Fig.
(2). Notably, VIND significantly inhibited the binding of the
non-selective antagonists prazosin and RX821002 to the
adrenergic receptors al and a2 by 74% and 84.1%, respec-
tively. Additionally, VIND showed inhibition between 25%
and 50% (indicating weak to moderate effects) at the sigma
receptor (44.7%), the dopamine transporter (34.9%), MAO-
A (29%), and the 5-HT transporter (27.3%). These values
should be confirmed by further testing, as they fall within a
range where greater inter-experimental variability may oc-
cur.

3.2. The Effect of VIND on the Volume of Brain Damage
in the TBI Model

The extent of cortical damage was visualized and quanti-
fied using T2-weighted MRI (Fig. 3A). On day 14 after TBI,
pronounced hyperintense areas were detected in the ipsilater-
al cortex and subcortical regions of the TBI group, corre-
sponding to zones of tissue loss, necrosis, and glial transfor-
mation within the post-traumatic cavity. In contrast, the VIN-
D-treated groups showed a visible reduction in the hyperin-
tense lesion area, indicating attenuation of secondary degen-
eration and partial preservation of cortical structure. The
most prominent reduction in lesion size was observed in rats
treated with VIND at 20 mg/kg every other day, in which
the hyperintense region was markedly smaller, and the corti-
cal boundaries appeared more distinct than in untreated TBI
animals. Quantitative MRI analysis supported these observa-
tions, confirming the differences in lesion volumes between
the groups (Fig. 3B). The lesion volume in the TBI group
was 179.4 + 19.28 mm’. In the TBI + VIND (20 mg/kg dai-
ly) group, the lesion volume was 165.3 + 11.29 mm’, while
in the TBI + VIND (20 mg/kg every other day) group, it was
significantly reduced to 88.7 + 6.5 mm’. The TBI + VIND
(10 mg/kg every other day) group showed a lesion volume
of 141.7 £ 12.4 mm’. A significant reduction in lesion vol-
ume (approximately a twofold decrease) was observed in the
group receiving VIND at 20 mg/kg every other day com-
pared to the TBI group (p < 0.001). However, no significant
reduction was observed in the groups treated with VIND at
10 mg/kg every other day or 20 mg/kg daily.

3.3. The Effect of VIND on Neurological Deficit After
TBI

Neurological function and limb sensorimotor perfor-
mance were assessed using the LPT on days 7 and 14 after
TBI (Fig. 4A) and BWT on day 14 (Fig. 4B). At baseline (3
days before injury), no neurological deficits were detected in
the LPT. After TBI, LPT scores decreased significantly
compared with the Sham group on day 7 and remained
reduced on day 14 (Fig.4A). Notably, on day 7, both
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Fig. (2). In vitro pharmacology of Vindeburnol (VIND). Percentage inhibition of radioligand binding to 22 CNS receptors, 7 ion channels,
and 1 enzyme by VIND at a concentration of 10 uM (n = 2 independent experiments, Eurofins Discovery, France). Binding was assessed in
radioligand competition assays under standard SOP conditions (Table 1 for details). Results were classified according to inhibition levels: <
25% inhibition was considered non-significant (background variability), 25-50% indicated weak to moderate interaction, and > 50% indicat-
ed a significant effect. VIND showed the strongest antagonistic activity at a1-adrenergic receptors (74% inhibition) and a2-adrenergic recep-
tors (84.1% inhibition). Moderate effects were also observed for the sigma receptor (44.7%), dopamine transporter (34.9%), MAO-A (29%),
and serotonin transporter (27.3%). These findings indicate a high antagonistic affinity of VIND for adrenergic receptors, consistent with its
proposed mechanism of neuroprotection in TBI. (4 higher resolution / colour version of this figure is available in the electronic copy of the
article).
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Fig. (3). Magnetic resonance imaging assessment of VIND neuroprotective effects after TBI in rats. (A) Representative T2-weighted coronal
MRI sections of rat brains on day 14 after TBI, showing the cortical lesion area (hyperintense zone) in the ipsilateral hemisphere. A reduc-
tion in the hyperintense area is evident in the VIND-treated groups, particularly in rats receiving 20 mg/kg every other day. (B) Quantitative
analysis of lesion volume based on MRI data. Vindeburnol administration at 20 mg/kg every other day significantly reduced lesion volume
compared with untreated TBI rats (p < 0.001). Data are presented as mean = SEM (n = 6-8 per group). Statistical analysis: one-way ANOVA
with Sidak’s multiple comparisons test, *p < 0.05, ***p < 0.001. (4 higher resolution / colour version of this figure is available in the elec-

tronic copy of the article).

every-other-day regimens (20 and 10 mg/kg) showed im-
proved LPT performance versus untreated TBI, whereas dai-
ly VIND did not. By day 14, the LPT continued to show a
trend towards better performance in the every-other-day
groups.

The BWT performed on day 14 showed a marked in-
crease in neurological deficit in TBI rats compared with
Sham animals (Fig. 4B). Daily administration of VIND (20
mg/kg) did not improve BWT performance. In contrast,
VIND administered at 20 mg/kg every other day significant-
ly reduced the neurological deficit on day 14, producing an
approximately 1.7-fold improvement compared with untreat-
ed TBI rats (p < 0.05). The 10 mg/kg every-other-day regi-
men showed a similar, but non-significant, tendency towards
improvement.

4. DISCUSSION

In this study, the neuroprotective properties of VIND
were demonstrated in a rat TBI model. This was reflected in

both a reduction in lesion volume as determined by MRI
(Fig. 3) and an improvement in neurological status as demon-
strated by LPT and BWT (Fig. 4). A dosage of 20 mg/kg ad-
ministered every other day was most effective [1]: a signifi-
cant reduction in lesion volume by approximately twofold (p
<0.0001) [2]; a reduced significance of changes in neurolog-
ical score compared to the difference between Sham and
TBI groups on day 14 after TBI [3]; a decrease in neurologi-
cal deficit on day 14 after TBI as demonstrated by BWT. A
tendency toward decreased values of these parameters was
also observed at a dosage of 10 mg/kg every other day, but
no statistically significant difference was found compared to
the TBI group. It should be noted that daily administration
of Vindeburnol at a dose of 20 mg/kg had no neuroprotec-
tive effect. The observation that Vindeburnol 20 mg/kg ad-
ministered every other day outperformed the same daily
dose likely reflects schedule dependence rather than a contra-
diction in the dose-response relationship. In our profiling,
VIND showed strong al/a2 adrenergic antagonism, consis-
tent with noradrenergic modulation as a key mechanism.
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Fig. (4). Evaluation of the neuroprotective effect of VIND after induction of TBI in rats. (A) The effect of the different VIND administra-
tions on neurological status as determined by the LPT test within 7 and 14 days after TBI, data are presented as mean £ SEM, *p < 0.05, **p
<0.001, ****p < 0.0001 (Kruskal-Wallis test); (B) Assessment of the severity of neurological deficit (%) using the beam-walking test at day
14 after TBI (summarized data on forelimb and hindlimb deficits in rats). Data are presented as mean + SEM, *p < 0.05, **p < 0.001, ***p <
0.0001 (one-way ANOVA). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Sustained adrenergic perturbation can elicit compensatory
adaptations that blunt the response: in humans, venous al
blockade by terazosin diminished over 28 days despite sta-
ble plasma levels, indicating pharmacological tolerance
[18]. Similarly, B-adrenergic signaling shows rapid tachyphy-
laxis during continuous dobutamine infusion [19], whereas
intermittent infusions with drug-free intervals have been re-
ported to avoid tolerance [20]. Frequency-dependent loss of
effect is also documented for B2 agonists, where regular dos-
ing can reduce bronchoprotective and reliever responses [21,
22]. These data support the general principle that dosing fre-
quency and uninterrupted target engagement can determine
net efficacy in adrenergic/GPCR systems. Although receptor
adaptation was not directly assessed in vivo in this study, we
hypothesize that administering the treatment every other day
may limit adaptive dampening and thus preserve functional
noradrenergic signalling during recovery.

In addition to its effects in traumatic brain injury, Vinde-
burnol has also been studied in behavioural models, where
repeated administration (20 mg/kg for 21 days) alleviated de-
pression-like symptoms and enhanced noradrenergic activity
in the locus coeruleus, supporting its broader neuropsychia-
tric potential [6]. Recently published pharmacokinetic profil-
ing reports a short elimination half-life for vindeburnol after
intraperitoneal administration (t1/2 ~ 2.4 hours), indicating a
transient exposure profile after each injection. While this
supports the feasibility of “pulsed” target engagement, the
superior efficacy of every-other-day dosing in our study like-
ly reflects pharmacodynamic factors, such as receptor-sys-
tem adaptation and timing of recovery processes, rather than
exposure duration alone [23]. Historically, RU24722 (vinde-
burnol), administered in a pulsed schedule after ischaemia
(e.g., 15 minutes, 10, 24, and 34 hours after ischaemia), has
improved EEG and metabolic recovery, suggesting that inter-
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mittent exposure may be beneficial in acute brain injury [24,
25]. Combining these data with our results, we propose that
alternating daily administration of VIND after TBI may bet-
ter preserve adrenergic signalling windows for recovery
while avoiding receptor adaptation, thereby outperforming
daily administration. These observations emphasise the need
for further studies, including measurement of vindeburnol
levels in blood and brain, assessment of potential receptor
adaptation with repeated dosing, and systematic testing of
different administration schedules in larger animal cohorts.

VIND has previously been shown to enhance antioxidant
defences (glutathione peroxidase and reductase) and in-
crease the expression of tyrosine hydroxylase and Noradrena-
line (NA) in the Locus Coeruleus (LC), thereby supporting
neuroprotection in models of multiple sclerosis [7, 8]. Based
on these observations and our radioligand data showing ro-
bust a,/a, antagonism, we propose that VIND confers neuro-
protection after TBI via converging mechanisms. VIND be-
longs to the eburnamine—vincamine alkaloid family; howev-
er, its receptor interaction profile may differ from that of vin-
camine. While vincamine is mainly discussed in the context
of cerebrovascular, antioxidant, and ion channel-related
mechanisms, our screening revealed a pronounced interac-
tion of VIND with al- and a2-adrenergic receptor binding
sites, which warrants direct head-to-head profiling of vin-
camine under identical conditions [26]. In the radioligand
screen, VIND produced marked inhibition of radioligand
binding at non-selective al and a2 adrenergic receptor sites
in rat cortical membrane preparations (74% and 84.1% inhi-
bition at 10 puM, respectively). However, the current binding
assays do not distinguish between presynaptic autoreceptors
and postsynaptic receptor populations, and functional charac-
terisation will be required to determine the net impact on no-
radrenaline signalling. First, functional antagonism of a,-au-
toreceptors may facilitate activity-dependent NA release
from LC projections, promoting plasticity and attenuating
microglial inflammation. There is growing evidence that no-
radrenergic signalling plays a central role in regulating mi-
croglial activation states, thereby influencing neuroinflam-
mation, synaptic remodeling, and functional recovery after
brain injury. Noradrenaline acting via B,-adrenergic recep-
tors suppresses the release of proinflammatory cytokines
and shifts microglia towards a neuroprotective phenotype,
while modulation of a,-receptors alters the availability of no-
radrenaline and further influences the balance between dele-
terious and reparative microglial responses [4, 27-29]. Se-
cond, adrenergic receptor antagonism can accelerate the nor-
malization of extracellular K’ and shorten the recovery of
spontaneous activity after injury, reducing susceptibility to
Cortical Spreading Depolarization (CSD), a process mech-
anistically linked to astrocytic a,-dependent Ca’" signalling
and ion homeostasis. Adrenergic receptor antagonism accel-
erated the normalization of extracellular K, leading to a
faster recovery of neural activity in the photothrombosis
model of focal cerebral ischaemia [5, 30]. Third, under
pathophysiological conditions, a,-adrenergic blockade may
attenuate the excessive vasoconstrictive drive of the sympa-

Ivanov et al.

thetic nervous system in cerebral vessels, reducing vascular
resistance, improving regional cerebral blood flow, and sup-
porting perfusion of peri-lesional or penumbral tissue at risk
of secondary ischaemic damage [31]. These pathways are al-
so consistent with clinically relevant observations that CSDs
impose a significant metabolic burden on the injured brain
through massive ion fluxes, glutamate release, and cerebral
blood flow disturbances. Recurrent CSDs not only exacer-
bate energy loss and oxidative stress but also increase the
area of secondary injury in both stroke and TBI patients,
where their occurrence has been associated with poorer neu-
rological outcomes and increased lesion growth [32-34].
Taken together, these data provide a conclusive explanation
for why alternating daily VIND treatment performed better
than daily dosing in our study: intermittent a,/a, blockade
preserves beneficial NA-mediated plasticity, avoids receptor
adaptation, promotes stabilisation of astrocyte—neuronal po-
tassium homeostasis, and supports penumbral perfusion,
whereas continuous daily dosing risks desensitisation of
a,/a, receptors.

LIMITATIONS

This study has several limitations that should be ac-
knowledged. The observation period was limited to 14 days
after traumatic brain injury, which did not allow assessment
of long-term structural and functional recovery. The pharma-
cokinetic properties and brain distribution of vindeburnol
were not evaluated, preventing precise interpretation of its
dose—response relationship and optimal treatment window.
The experiments were conducted only in adult male Wistar
rats, which may limit the generalization of the results to
other species, strains, or females. The proposed mechanism
of action, involving antagonism at a, and a, adrenergic re-
ceptors, was inferred from in vitro receptor-binding assays
and requires further experimental confirmation using specif-
ic pharmacological and molecular approaches. Future re-
search should address these limitations by extending the ob-
servation period, including both sexes and other animal mod-
els, characterizing pharmacokinetic parameters, and clarify-
ing the intracellular pathways involved in vindeburnol-medi-
ated neuroprotection.

CONCLUSION

Our study shows that Vindeburnol exerts a significant
neuroprotective effect in a rat model of traumatic brain in-
jury. The most pronounced benefits were observed with alter-
nate-day administration of 20 mg/kg for 10 days, resulting
in reduced lesion volume in brain tissue and improved neuro-
logical outcomes. Mechanistically, these effects are likely re-
lated to the strong antagonistic activity of vindeburnol at a,-
and o,-adrenergic receptors, indicating that adrenergic modu-
lation is a promising therapeutic strategy to attenuate se-
condary damage after TBI.
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