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Abstract

Introduction: The aim of the study was to compare the neuroprotective and cerebrovascular effects of bioactive,
endogenous lipid — N-arachidonoyl-GABA (AA-GABA) and GABA conjugate with prostaglandin E2 (PGE2-GABA)
by evaluation of a morphological state of rat brain tissue and lipofuscin levels under the condition of permanent focal
brain ischemia, as well as cerebral circulation under the condition of global transient ischemia.

Materials and methods: The study has been implemented using the models of the left middle cerebral artery occlusion
(MCAO) and global transient ischemia of the brain. A morphological examination of the brain tissue, a registration of
local blood flow by laser flowmeter, and quantitative measurement of lipofuscin by fluorescence spectroscopy were used.

Results and discussion: AA-GABA and the putative COX-2 metabolite PGE2-GABA showed significant
neuroprotective and cerebrovascular effects in rat models of global and focal cerebral ischemia. In the MCAO model,
AA-GABA and PGE2-GABA at a dose of 2 mg/kg/day administered i.p. for 6 or 12 days led to: 1) significant restoration
of neurons and glial cells with intracellular regeneration of cytoplasmic and nuclear structures, 2) decrease in brain
tissue edema; 3) attenuated thrombosis and stasis, and 4) absence of large necrotic foci in rat brain tissue. AA-GABA
and PGE2-GABA at the same dose prevented excessive accumulation of lipofuscin in both brain hemispheres in
rats with MCAO. All the studied compounds increase cerebral blood circulation in rats subjected to global transient
ischemia. However, the cerebrovascular effect of PGE2-GABA was superior to the activity of AA-GABA and all other
tested compounds. AA-GABA and PGE2-GABA, unlike PGE2 and nimodipine, increase the cerebral blood flow in rats
with global transient brain ischemia and have no influence on the intact animals. Apparently, the GABAergic vascular
system of the brain is involved in the mechanisms of the neuroprotective action of AA-GABA and PGE2-GABA.

Copyright Mirzoyan NR et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Conclusion: For the first time, we demonstrated the ability of AA-GABA and its putative metabolite COX-2 PGE2-GA-
BA to improve cerebral circulation, attenuate structural damage and lipofuscin accumulation during cerebral ischemia.
The natural origin of AA-GABA, which possesses neuroprotective and cerebrovascular activity, as well as anti-aggre-
gatory activity, allows considering AA-GABA as one of the endogenous protective factors in ischemic brain lesions.

Graphical abstract:
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Introduction

Cerebrovascular diseases are leading among the main cau-
ses of mortality and disability of the population worldwi-
de (Virani et al. 2021). The last decade was marked by the
emergence of numerous data that proved the high efficien-
cy of methods of restoring the blood supply to the ische-
mic brain (Park 2017; Shafie and Yu 2021), and this led to
a radical revision of the concept of ischemic brain lesions
therapy. Reperfusion therapy has spread, and the term re-
perfusion, which previously had a negative meaning and
was associated with the release and damaging effects of
free radicals (nitric oxide and oxygen) on brain tissue, has
gained a positive meaning. Therefore, in the treatment of
patients with cerebrovascular diseases of ischemic nature,
the restoration of impaired blood supply to the brain, in-
cluding drug-induced one, comes to the fore.

It should be noted that under conditions of cerebral
ischemia, the GABA system plays an important role in
eliminating the imbalance between the excitatory and in-
hibitory systems in the central nervous system. Besides
its major contribution to inhibitory neurotransmission, the
GABA system plays an important role also in regulation
of cerebral vascular tone. GABA lowers the tone of cere-
bral vessels (Mirzoian and Akopian 1967), which contain
GABA synthesizing enzyme (glutamate decarboxylase)
as well as metabolizing enzyme (GABA transaminase)
(Mirzoian et al. 1970; Mirzoian et al. 1974). Vascular glu-
tamate decarboxylase appear to differ from that of neu-
ronal tissue (Hamel et al. 1982), suggesting existence of
a no-neural form of the enzyme. GABA* receptors were
identified in brain vessels of cattle (Krause et al. 1980),
as well as in rat cerebral vessels (Napoleone et al. 1987).

GABAergic interneurons, which are an important com-
ponent of the “neurovascular unit,” innervate both local
micro vessels and neurons of the cerebral cortex and pro-
vide a blood supply corresponding to the functional state
of neurons (Hamel et al. 2006). In conditions of ischemic
brain damage, the GABA system exhibits neuroprotective
activity (Schwartz-Bloom and Sah 2001; Li et al. 2020).
Previous studies showed that compounds with GABAer-
gic mechanism of action selectively improve the cerebral
blood flow in conditions of ischemic damage of the brain
(Mirzoyan et al. 2014, 2017; Kim et al. 2019).

Platelet aggregation and vascular tone regulation are
among many different physiological effects known for
prostaglandins (Bos et al. 2004). By regulating the vas-
cular tone, they have a pronounced effect on the blood
supply to various organs. Prostaglandin E2 signaling is
fulfilled via four different G-protein coupled membrane
receptors EP1-EP4, mediating different and sometimes
opposing responses. Previous studies showed that activa-
tion of PGE2 receptors EP1 and EP3 significantly exacer-
bate stroke injury in the model of focal cerebral ischemia
(Shimamura et al. 2013). In opposite to EP1 and EP3 me-
diated effects, activation of EP2 and EP4 receptors leads
to neuroprotection in stroke (Akram et al. 2013).

N-arachidonoyl gamma-aminobutyric acid (AA-GA-
BA) is a member of endogenous lipid amides family,
N-arachidonoyl amino acids (Bradshaw and Walker 2005).
These compounds were found in mouse brain by quanti-
tative LC-MS/MS analysis. The concentration of AA-GA-
BA in the whole mouse brain was 5.3+0.8 pmol/g like
other arachidonoyl amino acids — arachidonoyl glycine
(AA-Gly, 13.1£2.1 pmol/g), arachidonoyl serine (AA-Ser,
3.1+0.5 pmol/g), or arachidonoyl alanine (9.7+1.9 pmol/g)
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(Han et al. 2013). Recently, based on the ability of amides
of arachidonic acid with glycine, serine and GABA to in-
duce mesenteric relaxation, Parmar and Ho hypothesized
that N-arachidonoyl amino acids represent a new group of
vasomodulators. They demonstrated that the vasorelaxant
activity within this group changed in descending order of
potency, AA-GABA > AA-Gly > AA-Ser. Effects of all
three endogenous conjugates of arachidonic acid and ami-
no acids were sensitive to L-NAME (L-NG-Nitro arginine
methyl ester, inhibitor of nitric oxide synthase) and iberi-
otoxin (selective inhibitor of large conductance Ca2+-ac-
tivated K+ channel — BKCa), suggesting a role for nitric
oxide and BKCa in a mechanism of relaxation (Parmar
and Ho 2010). Other researchers investigated effects of
AA-GABA, including its analgetic action via inhibition of
T-types Cav3 calcium channels (Barbara et al. 2009), Ca2+
mobilization in TRPV1 HEK cells and in BV-2 microglia
(Raboune et al. 2014), and anti-aggregatory activity (Vasi-
lieva et al. 2010). The biological effects of PGE2-GABA
are completely unknown, although the existence of this
possible AA-GABA metabolite of cyclooxygenase-2 has
been postulated (Marnett et al. 2008).

Lysosomes of some cell types, particularly neuronal
cells, are known to accumulate net-products of damage,
the excess of which can cause irreversible damage to tho-
se cells. One of such products is lipofuscin, the so-cal-
led “aging pigment”, which contains peroxidized pro-
teins and lipids, the excess amounts of which has been
shown to cause inability of cells to eliminate products
of oxidative damage (Jung et al. 2007). It has been ex-
perimentally proven that the mechanisms of formation
and composition of lysosomal pigments formed during
aging and during ischemia are very similar (Terman and
Brunk 2004; Jung et al. 2007). Notably, focal permanent
ischemia caused by MCAO leads to an increase in the
concentration of lipofuscin in both hemispheres of the rat
brain (Balasanyan et al. 2013), and the use of ethylmethy-
lhydroxypyridine succinate (mexidol) prevents excessive
accumulation of lipofuscin in brain tissues after MCAO
(Mirzoyan et al. 2015a).

Previously, we studied the effect of AA-GABA on the
morphological state of rat brain tissue in the MCAO mo-
del, as well as on platelet aggregation and cerebral cir-
culation. We have previously shown that 6- and 12-day
course administration of AA-GABA at a dose of 2 mg/
kg (i.p.) to rats under the conditions of this model led to
the processes of significant restoration of brain tissue. The
tissue morphology in the group of animals that received
AA-GABA for 12 days was almost identical to the sta-
te of the intact tissue (Mirzoyan et al. 2015b). Moreover,
AA-GABA significantly inhibited arachidonic acid-indu-
ced platelet aggregation. Consequently, arachidonic acid
conjugated with GABA is converted from a pro-aggre-
gant into an anti-platelet agent (Vasilieva et al. 2010).
Also the selective cerebrovascular activity of AA-GABA
was revealed. AA-GABA increased the blood supply to
the brain only under the condition of global transient ce-
rebral ischemia (Gnezdilova et al. 2011).

In compliance with the above mentioned, the aim of
the current comparative study was the investigation of the
neuroprotective and cerebrovascular effects of PGE2-GA-
BA and AA-GABA in condition of focal permanent brain
ischemia caused by MCAO, with evaluation of morpholo-
gical state of brain tissue and lipofuscin levels. The study
aimed also at the comparative investigation of the effects
of PGE2-GABA, PGE2, AA-GABA, nimodipine, and
ethylmethylhydroxypyridine succinate on the cerebral
blood flow of the intact rats and the rats exposed to global
transient brain ischemia. Further, we analyzed the mecha-
nism of neuroprotective and cerebrovascular effects of the
studied compounds.

Materials and methods

Substances

The compounds under study were synthesized in the La-
boratory of Oxylipins of Shemyakin-Ovchinnikov Insti-
tute of Bioorganic Chemistry of the Russian Academy of
Sciences (Russia), according to the published procedures
(Bezuglov et al. 2006, 2013, 2015). Prostaglandin E2
(CAS 363-24-6) was obtained from Merck (Darmstadt,
Germany), nimodipine — from Bayer AG (Germany), and
ethylmethylhydroxypyridine succinate (mexidol) from
FSBI V.V. Zakusov Institute of Pharmacology (Russia).

Animals

The study was performed on 112 albino male rats weig-
hing 150-250 g, anesthetized with chloral hydrate
(400 mg/kg) or urethane (1.2 g/kg), i/p. The experiments
were carried out in compliance with the ethical rules of
animal welfare according to the European Communities
Council Directive (86/609/EEC).

Design

A model of focal cerebral ischemia was performed by the
left-sided middle cerebral artery occlusion (MCAO), ac-
cording to Tamura et al. (Tamura et al. 1981), in the mo-
dification of Topchian et al. (Topchian et al. 1996). The
surgery was performed under chloral hydrate anesthesia
(400 mg/kg, i/p). The investigated compound was admi-
nistered at a dose 2 mg/kg i.p. 30 minutes after the occlu-
sion and on the following 6 and 12 days, respectively. The
control group received 0.9% NaCL solution i.p.

Global transient ischemia in rats was achieved by
10-minute occlusion of both common carotid arteries
with a simultaneous decrease in the arterial pressure down
to 40-50 mm Hg, using bloodletting and further reperfu-
sion. The investigated compounds were administered i.v.
40—45 minutes after global transient brain ischemia and
stabilization of the hemodynamic parameters.

The morphological assessment of brain tissue and the
quantitative measurement of lipofuscin in the brain tissue
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were performed on the 6™ and 12" days after MCAO.
These intervals were chosen based on the recent data, ac-
cording to which the most profound structural changes in
the brain after MCAO in rats are seen on 6" and 12" days
(Mirzoian et al. 1998).

To conduct a morphological examination, the brain
was extracted and fixed in 10% neutral solution of for-
maldehyde. Then sagittal incision was made, including in
tissue supplied by the middle cerebral artery. Thereafter,
the tissue was fixed in a paraffin block and cut with a mi-
crotome. Serial tissue sections were stained with hema-
toxylin/eosin.

For the quantitative measurement of lipofuscin, brain
tissue (0.2 g) from each hemisphere was homogeni-
zed for 1 minute and was centrifuged at 1300 rpm in
a solution of chloroform-methanol (2:1 v:v) at a ratio
of 20:1 (v:w). Subsequently, after extraction of the wa-
ter-soluble components with an equal volume of distilled
water, centrifugation on the T30 apparatus at 3000 rpm
for 1-2 minutes, and separation of the chloroform lay-
er, methanol was added (0.1 ml per each ml of the final
solution) to restore transparency. The resulting solution
was exposed to intensive ultraviolet light for 3 minutes
to eliminate fat-soluble components that could interfe-
re with measurement (retinol, in particular) (Flatcher et
al. 1973). The fluorescence intensity (FI) of chloroform
extracts obtained from homogenized brain tissue was
measured on a fluorescent spectrophotometer (MF-2A,
Hitachi, Ltd. Tokyo, Japan) at an excitation wavelength
of 365 nm and emission wavelength of 470 nm. Immedi-
ately before the measurement, the fluorometer was cali-
brated with a solution of quinine sulfate 0.1 pg/ml (CP)
in 0.1 N sulfuric acid solution (FI = 60-90) (Csallany
and Ayaz 1976).

Cerebral blood circulation was recorded by the laser
Doppler flowmetry. Changes of arterial pressure were re-
gistered simultaneously through a polyethylene catheter,
preliminary inserted into the femoral artery. The recor-
ding of the characteristics of blood flow, arterial pressure,
and vascular resistance was conducted on a BIOPAC po-
lygraph (USA), connected to a computer. The investiga-
ted compounds were administered through a polyethylene
catheter into the femoral vein of the animals.

Statistical analyses

The statistical analysis of data was carried out using Sta-
tistica 8.0 software (Statistica Inc., USA), Microsoft Offi-
ce Excel 2010, as well as GraphPad Prism 8.00 for Win-
dows (GraphPad Software, Inc) and a one-way ANOVA
variance analysis, with the Student’s T-test. The normal
distribution was defined by Shapiro-Wilk test. Generally,
normal distribution was lacking; thus for a further ana-
lysis, nonparametrical method of Wilcoxon signed-rank
test was used for linked samples, whereas for independent
samples, the Mann-Whitney test was used. The results
were considered statistically significant with p < 0.05.
The data are shown as mean+SD (or SEM).

Results

The influence of PGE2-GABA on morphological state
of brain tissue after the occlusion of middle cerebral
artery

In order to study the neuroprotective effect of PGE2-GA-
BA, its influence was observed on morphological damage
of brain tissue provoked by MCAO.

The morphological examination of specimens of the
first control group (6 days after MCAO without treatment)
revealed a pronounced perivascular and pericellular edema
of the brain tissue in the basin of the left middle cerebral
artery. In the edematous brain tissue, cells with vacuolar
dystrophy of the cytoplasm and the nucleus of neurons,
areas of karyorexis, karyopiknosis and karyolysis of ner-
ve and glial cells were detected. Stasis of capillaries and
arterioles, as well as microthrombosis was observed along
with empty microcirculatory vessels. These arterioles were
surrounded by emptied neural and glial cells. All the layers
of cortical cells were permeated by zones of necrobiosis
with wash-out, lysis of nuclei of neurons, and large glial
cells. Also extensive foci of necrosis of the brain tissue in
the basin of the left middle cerebral artery, as well as mi-
crocysts in necrotic brain tissue were detected (Fig. 1a, b).

Anucleate, necrotic shadow cells, as well as areas of
dystrophic neurosecretory cells of paraventricular and
supraoptic (PV and SO) nuclei were detected. The borders
of all the cortical layers appeared faded. Several hyper-
trophied neurons with hyperchromic nuclei were obser-
ved between or near the profound ischemic foci. Proli-
feration zones of oligodendrocytes and astrocytes were
found throughout the brain tissue. Multiple punctuate and
linear hemorrhages, edema, as well as stasis of vessels of
pia and dura mater were detected. There were small-poin-
ted and more extensive hemorrhages with siderophages in
the intercellular space.

We further compared the above changes with those
from the next group of control animals decapitated on day
12 after MCAO. In most cases, processes of beginning
regeneration, such as intracellular organelle hyperpla-
sia, were observed on the 12" day after MCAO. Single
or small clusters of hypertrophied neurons were found
in areas of the neural tissue with prominent anastomosis
of small collateral arterioles, or in the area of preserved
vessels with plethora of arterioles. In the basin of the left
middle cerebral artery, there were linear hemorrhages,
edema of the pia and dura mater, pronounced destruc-
tive-ischemic changes, as well as multiple vessels with
stasis (Fig. lc, d).

The obtained results correspond to the published data
of previous studies that showed bilateral disturbances of
brain blood flow, hypoxic damage to the cortical neuron
in the same periods after MCAO (Mirzoian et al. 1998;
Mirzoyan et al. 2015).

We further studied the influence of PGE2-GABA
(2 mg/kg, i/p) on the morphological state of brain tissue
of rats with MCAO after 6 days of treatment.
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Figure 1. Morphological picture of brain tissue of drug-untreated rats after MCAO. 6" day: a) Large necrotic zones of
brain tissue in basin of the left middle cerebral artery. Zones of homogeneous structureless substance (staining by hematoxylin/
eosin x100). b) Zones of microcysts in necrotic brain tissue. Preserved layers of nerve cells (staining by hematoxylin/eosin x100).
12" day: ¢) Stasis of microvessels, thrombus obliterans, an expressed perivascular and pericellular edema, foci of necrosis and
necrobiosis in brain tissue (staining by hematoxylin/eosin x100). d) Edema, hemorrhages in pia matter. Among the necrotic foci,
several zones of groups of preserved neurons are detected (staining by hematoxylin/eosin x100).

Histological evaluation revealed slight plethora of the
vessels of the pia mater, as well as diminished edema of
the pia and dura mater. Attenuated perivascular and peri-
cellular edema was also detected in the brain tissue with
foci of plethora of arteries and arterioles. In the basin of
the left middle cerebral artery, there were detected single
groups of neural cells with wrinkled nuclei and vacuolar
dystrophy of the cytoplasm, as well as foci with neurons
with blurred contours and boundaries. Appearance of the-
se shadow cells can be accounted for by the state of necro-
biosis. Along with such foci, small areas were observed
with accumulation of structureless eosinophilic masses
at the site of necrotized nerve cells. The pyramidal cells
and axons in the III pyramidal zone (layer) appeared to be
preserved. Among the intact cells, there could be obser-
ved hypertrophied neurons with pronounced hyperchro-
mic nuclei (Fig. 2a). Large and small glial cells in the III

and IV layers of the cerebral cortex appeared to be without
visible changes. In some zones, proliferation of glial cells
at the background of edema of the reticular neuropile was
observed. Ependymal cells of the brain ventricles remain-
ed preserved and without visible morphological chan-
ges. In some fields, proliferation of ependymal cells and
plethora of arterioles in the ependymal membrane of the
[T brain ventricle were observed (Fig. 2b). The cells of the
PV and SO nuclei of the hypothalamus remained intact
with neurosecretory granules detected in their cytoplasm.
Some cells of the PV and SO nuclei appeared hypertrop-
hic with hyperchromic nuclei. With an exception of few
brain sections showing edema of the hard and soft menin-
ges with vascular plethora, no visible histological changes
were revealed from the meninges. Mild perivascular and
pericellular edema with plethora of capillaries was obser-
ved in the brain tissue of this MCAO group. The location
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of the neurons of the gray matter layers was predominant-
ly unchanged. In the first and second granular zones, small
foci of ischemia and necrobiosis of the cells, as well as
some dystrophic neurons were detectable. We observed
multiple anastamoses between the axons and dendrites of
the pyramidal cells of the gray matter and the continuity
of nerve processes, including axons, was preserved.

After 12-day treatment by PGE2-GABA, the observa-
ble morphological changes in the brain tissue were more
visible compared to those after the 6-day administration
of the compound. In most sections, several brain tissue
zones resembled the normal structure. In five animals,
no MCAO-induced changes, such as necrotic fields,
were found. Pyramidal cells are well contoured with
their axons throughout; insignificant pericellular ede-
ma, as well as neuropile without changes, was observed

(Fig. 2c). In the observed necrotic fields due to ischemia,
pronounced productive proliferative processes in the glial
tissue of the brain were visible. The neurons of III, IV, and
V zones of the brain tissue remained preserved. The neu-
rosecretory cells of the PV and SO nuclei of the hypotha-
lamus appeared to have functionally active morphology,
with multiple neurosecretory granules in their cytoplasm
(Fig. 2d). Ependymal cells of the ventricles of the brain
remained morphologically unchanged. In some foci of the
IIT ventricle, the proliferation of the ependymal cells and
the cells of vascular plexus was observed. No specific vi-
sible abnormalities were found in the morphology of the
dura and pia mater; besides occasionally plethora of ves-
sels and single extravasates could be observed.

The morphological evaluation of the right intact hemis-
phere of the brain revealed the presence of compensatory

Figure 2. Morphological picture of brain tissue of rats after MCAO treated with PGE2-GABA. 6-days treatment: a) Groups
of hypertrophied hyperchromicneurons among the foci of micronecrosis in the brain tissue are detected, insignificant brain tissue
edema, neuropile preserved (staining hematoxylin/eosin x400). b) Significant proliferation of the vessels of the III ventricle with
proliferation of ependymal cells (staining hematoxylin/eosin x200). 12-days treatment: ¢) Hypertrophied pyramidal cells with hy-
pertrophied nuclei and preserved processes, insignificant pericellular edema, neuropil without visible histological changes (staining
hematoxylin/eosin x400). d) Significant hypertrophy of neurosecretory cells of PV nucleus of hypothalamus with the neurosecreto-
ry granules in cytoplasm (staining hematoxylin/eosin x400).
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regenerative processes. In the background of slight brain
tissue edema, normal or hypertrophied neurons were de-
tected. Intact structure and morphology of all the areas
of the cerebral cortex, the preserved neurosecretory SO
and PV nuclei of the hypothalamus, the absence of lar-
ge necrotic areas, and a slight plethora of arterial vessels
were observed in the group of MCAO rats with 12-day
treatment by PGE2-GABA.

Taken together, the morphological studies of rat brain
with MCAO after administration of PGE2-GABA revea-
led a large number of hyperchromic, functionally active
pyramidal nerve cells with preserved processes, very
small foci of ischemia with proliferation of glial cells,
restoration of microvessels in the form of plethora of ca-
pillaries and arterioles, functionally active neurosecretory
cells and intracellular regeneration of neurons in general
and neurosecretory cells in particular. Compared to the
brain tissue of the control animals (after MCAO without
treatment), foci of ischemia and necrosis, dystrophy and
necrobiosis were much less pronounced, both in terms of
localization and depth of the lesions. The use of the stu-
died compound led to significant restoration of neurons
and glial cells with intracellular regeneration of cytop-
lasmic and nuclear structures, to decreased brain tissue
edema, thrombosis and stasis, as well as to the absence
of large necrotic foci. It should be noted that the repara-
tive effect of PGE2-GABA was already detectable in the
animals treated with the compounds for 6 days, and was
enhanced by a prolonged treatment for 12 days (compared
to a 6-day use).

The influence of PGE2-GABA on lipofuscin levels
Another objective of this study was the investigation of

lipofuscin levels in brain tissues after focal permanent
ischemia caused by MCAO in both intact and damaged
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hemispheres of the brain. In the intact animals, the concen-
tration of lipofuscin in the left and right hemispheres ap-
pears to be nearly identical —2.52+0.70 FI vs.2.6+0.58 F1,
respectively (Fig. 3).

The results of lipofuscin levels on the 6% day after
MCAQO revealed a statistically significant increase in both
ipsilateral (7.01£1.32 FI) and contralateral (6.62+1.25 FI)
hemispheres in comparison with the intact animals
(Fig. 3). Similar significant changes in the left and right
hemispheres were observed on the 12" day after occlusi-
on (left hemisphere — 5.70+1.34 FI; right hemisphere —
5.61=1.14 FI) (Fig. 3). Moreover, in the left hemisphere,
both on the 6" and the 12" days of ischemia, there was a
more significant increase in lipofuscin levels in compari-
son with those in the right hemisphere. Some observable
decrease in lipofuscin levels, which occurs without any
treatment on the 12% day after occlusion, may be a result
of intrinsic regenerative processes in the brain tissue.

After 6 days of treatment with the PGE2-GABA, a
statistically significant decrease in the amount of lipofus-
cin in both hemispheres (left hemisphere — 4.36+1.24 FI;
right hemisphere — 4.24+1.23 FI) were found. As for the
results of the 12-day treatment (left — 3.48+0.97 FI; right
—3.28 £0.91 FI), the changes are obvious compared with
control (Fig. 3).

The obtained data showed that PGE2-GABA prevents
excessive accumulation of lipofuscin in tissues in conditi-
on of focal permanent ischemia. Intraperitoneal adminis-
tration of the compound at a dose of 2 mg/kg over 6- as
well as 12-days led to statistically significant prevention
of lipofuscin accumulation in both hemispheres of rat
brain with MCAO.

Based on the recent data on elevated lipofuscin levels
in ischemic brain tissue, our results can be considered as
additional evidence of neuroprotective effects of the stu-
died compound.
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Figure 3. Changes of lipofuscin levels, shown as fluorescence intensity (FI), in the left and right hemispheres of rats’ brain after

PGE2-GABA treatment and MCAO.
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Effect of PGE2-GABA on local blood flow of the ce-
rebral cortex in intact rats and rats with global tran-
sient ischemia in comparison to PGE2, AA-GABA,
nimodipine, and ethylmethylhydroxypyridine succi-
nate (mexidol)

The evaluation of PGE2-GABA (0.1 mg/kg i/v) influen-
ce on the cerebral circulation of the intact rats revealed
no changes in either local cerebral blood flow or blood
pressure. Under the condition of global transient brain
ischemia, PGE2-GABA immediately after its administra-
tion increased the local cerebral blood flow by an aver-
age of 16% (p < 0.05), which was further increased to
a maximum of 110.6% (p < 0.05) 70 minutes after ad-
ministration. Thereafter a gradual decrease in blood flow
reaching the initial level was detected 120 minutes after
administration of PGE2-GABA (Figs 4 and 5). The cere-
brovascular effect of PGE2-GABA is due to its obvious
effect on the tone of the brain vessels, since the level of
blood pressure in the majority of the experiments decrea-
ses, whereas in the rest — it does not undergo any changes.

PGE2 (0.2 mg/kg) increased the local cerebral blood
flow in the brain cortex of the ischemic animals as well as
of the intact rats (though to a lesser extent). PGE2 incre-
ased arterial blood pressure by 16% on average.

Further, we compared the structural analogue of
prostaglandin E2 with drugs that are widely used as
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cerebrovascular anti-ischemic drugs, namely - nimodipi-
ne and ethylmethylhydroxypyridine succinate (mexidol).

A study of the effect of prostaglandin E2 on cerebral
blood flow under the condition of global transient ischemia
showed that the drug, when administered intravenously at
a dose of 0.2 mg/kg, caused an increase in local cerebral
blood flow immediately after its administration, reaching a
decrease by 46.6% after 60 minutes (Fig. 5). Then, blood
flow decreased slightly, but remained elevated until the
end of the experiment. The level of blood pressure under
the influence of PGE2 initially increased slightly, and then
decreased and at the end of the experiment amounted to
13.6% of the baseline (control in Fig. 5) value.

After global transient ischemia, AA-GABA at a dose
of 2 mg/kg increases local cerebral blood flow immedia-
tely after its administration by an average of 21.6% and
reaches its maximum value (44.1%) 80 minutes after ad-
ministration (Fig. 4). Then the blood flow gradually de-
creases, but remains above the control level until the end
of the experiments. These results showing a dual effect of
AA-GABA on the blood pressure are in line with the pre-
vious report, showing that after global transient ischemia,
AA-GABA decreased blood pressure by an average of
15% in half of the experiments, while in the other half it
increased by an average of 20% (Gnezdilova et al. 2011).

In conditions of ischemic brain damage, nimodipine
at a dose of 0.03 mg/kg also causes an increase in local
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Figure 4. The influence of PGE2-GABA(0.1 mg/kg, i/v) on local blood flow (A, LBF, %) and arterial blood pressure (B, BP, %) in

rats after global transient ischemia.


https://pubchem.ncbi.nlm.nih.gov/compound/Dinoprostone
https://pubchem.ncbi.nlm.nih.gov/compound/Nimodipine
https://pubchem.ncbi.nlm.nih.gov/compound/Nimodipine
https://pubchem.ncbi.nlm.nih.gov/compound/129761399
https://pubchem.ncbi.nlm.nih.gov/compound/Mexidol
https://pubchem.ncbi.nlm.nih.gov/compound/Dinoprostone
https://pubchem.ncbi.nlm.nih.gov/compound/N-Arachidonoyl-gamma-aminobutyrate
https://pubchem.ncbi.nlm.nih.gov/compound/N-Arachidonoyl-gamma-aminobutyrate
https://pubchem.ncbi.nlm.nih.gov/compound/N-Arachidonoyl-gamma-aminobutyrate
https://pubchem.ncbi.nlm.nih.gov/compound/Nimodipine

Research Results in Pharmacology 7(3): 49-61

57

%
120

100

80 -

60 -

40 -

20 A

Control 1 10 20 30 40

—+—PeE2-GABA  —8—PgE2

AA-GABA

—<—Mexidol —+— Nimodipine

Figure 5. The influence of PGE2-GABA (0.1 mg/kg i/v), PGE2 (0.2 mg/kg, i/v), AA-GABA (2 mg/kg, i/v), ethylmethylhydroxy-
pyridine succinate (mexidol, 200 mg/kg, i/v) and nimodipine (0.03 mg/kg, i/v) on local blood flow in brain cortex of rats after global
transient ischemia (%) (* — p < 0.05 PGE2-GABA compared with other drugs).

cerebral blood flow immediately after its administration
by an average of 44.3%, while a concomitant decrease
in blood pressure by an average of 39.6% was detected.
After 10 minutes, the effect of nimodipine is weakened,
reaching an average 17.3% and remaining at this level un-
til the end of the experiment (Fig. 5).

Ethylmethylhydroxypyridine succinate (mexidol) at a
dose of 200 mg/kg in rats after global transient ischemia
causes a gradual increase in local blood flow in the pa-
rietal zone of the cerebral cortex, which reaches 43% by
the 50" minute (Fig. 5). In those experiments, the level
of blood pressure slightly decreased after 10 minutes, but
remained at the same level from the 20" minute until the
end of the experiment.

Our results show that PGE2-GABA causes the most
pronounced effect on the blood supply to the brain of
rats exposed to global transient ischemia, compared with
AA-GABA, nimodipine and ethylmethylhydroxypyridine
succinate (Fig. 5). The difference between the PGE2-GA-
BA and the other drugs is statistically significant (p < 0.05).

PGE2 also demonstrates cerebrovascular anti-ische-
mic effects; however, it is significantly inferior to those of
PGE2-GABA (Fig. 5). Thus, it can be assumed that the pre-
sence of GABA in the structure of the conjugate of GABA
with prostaglandin E2 enhances the cerebrovascular activity
of prostaglandin E2 under the conditions of brain ischemia.

The investigation of neurochemical mechanisms of ac-
tion of AA-GABA, PGE2-GABA, and PGE2

Considering the important role of GABAergic mechanis-
ms in the regulation of cerebral blood circulation, the ef-
fect of pharmacological agents on the local cerebral blood
flow of rats subjected to global transient ischemia and
administration of a specific GABA”-receptors antagonist

—bicuculline — was studied. Bicuculline was administered
at a dose of 0.5 mg/kg after ischemic damage of the brain,
but prior to administration of AA-GABA, PGE2-GABA
or PGE2, which were administered 30 minutes after bicu-
culline treatment.

The cerebrovascular effect of AA-GABA was leve-
led out by the GABA*-receptor blockade with ,bicucul-
lin which was reflected by a lack of AA-GABA effects
in most experiments (6 out of 10), while the rest revea-
led a slight increase in blood flow (6—10%, control —
44.1%), and a decrease in blood pressure by an average
of 15%.

The use of PGE2-GABA with bicuculline insigni-
ficantly increased or did not change the local cerebral
blood flow.

PGE2 demonstrated a vasodilator effect with and
without the influence of the antagonist of GABA*-recep-
tors — bicuculline — in global transient ischemia. Thus, the
effect of PGE2 is apparently due to activation of prostag-
landin receptors in cerebral vessels.

Our results indicate the involvement of GABA-er-
gic system in cerebrovascular effects of AA-GABA and
PGE2-GABA in brain ischemia.

Discussion

The obtained data indicate the protective effect of
PGE2-GABA on brain tissue during MCAO-caused focal
permanent ischemia. Its use leads to significant restora-
tion of blood circulation and morphological recovery of
brain tissue in the basin of the left middle cerebral arte-
ry. The effectiveness of the compound is enhanced by its
longer use (12 days) compared to 6-day administration.
In line with our previous results (Mirzoyan et al. 2015b),
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AA-GABA has a similar effect to that of PGE2-GABA
during ischemic brain injury.

The neuroprotective activity of PGE2-GABA is indi-
cated by the statistically significant prevention of accu-
mulation of lipofuscin as a supposed marker of ischemia
in both hemispheres of rat brain in MCAO after 6-day, as
well as 12-day administration of the compound.

PGE2-GABA causes a more significant increase
in the cerebral blood flow in the model of global tran-
sient brain ischemia (to 110.6%, p < 0.05), compared
to AA-GABA (to 44.1%) and anti-ischemic drug — ni-
modipine (to 44.3%). This effect of PGE2-GABA and
AA-GABA is blocked by bicuculline, acting via GA-
BA”-receptors of the brain vessels. Bicuculline has no
impact on the cerebrovascular activity of nimodipine.
The vasodilator effect of nimodipine could be seen at
both intact and ischemic brains due to blocking only
slow calcium channels.

The superior anti-ischemic cerebrovascular activity of
PGE2-GABA in comparison to the other drugs investiga-
ted in this study could be explained by its double vaso-
dilator effect mediated by two different receptor systems
within the vascular wall of cerebral vessels: prostaglandin
and GABA”-receptors. In this context, a possible hint at
prostaglandin receptor-mediated neuroprotection by the
studied PGE2-GABA is provided by the previous reports
demonstrating neuroprotective effects of EP4 receptor ac-
tivation in a transient MCAO stroke model (Parmar and
Ho 2010; DeMars et al. 2018).

The results of the present study are consistent with
our previously shown neuroprotective and cerebrovas-
cular effects of the compounds enhancing GABA-ergic
neurotransmission (Mirzoyan et al. 2014; Mirzoian et al.
2019). Considering the currently existing notion about
disbalance between excitatory and inhibitory systems
during ischemic damage of the brain, GABA agonists
increase the activity of inhibitory processes mediated by
GABA-receptors and restore the balance between these
systems. In addition, GABA agonists lower the brain vas-
cular tone, thus, improving blood supply of an ischemic
zone. Our previous studies of rat brain in the conditions
of global transient ischemia have shown increasing of the
glutamate concentration in rat striatum, as well as chan-
ges in catalase, stress protein HSP70 and nerve growth
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