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Abstract: the global incidence of traumatic brain injury remains high and long-lasting consequences
of such injury brings both medical and social burden on public health. Such comorbidity among others
includes early and late post-traumatic epilepsy, post-traumatic stress disorder and depression and anx-
iety, cognitive impairments often require prolonged treatment. The incidence of such negative outcomes
of traumatic brain injury is extremely high among deployed military personnel and war-affected civil-
ians. All of the facts that mentioned above require the development of new strategies, including novel
drug designing to provide complex treatment and overcome existing difficulties in rehabilitation after
traumatic brain injury. The aim of the study was to evaluate the effect of GABA-benzodiazepine receptor
complex modulators on rat hippocampus zones after traumatic brain injury. The experiment was car-
ried out on male Wistar rats. To obtain traumatic brain injury we used a modified weight drop model.
Rats were divided to intact, placebo (received placebo treatment), MPTD-01 (treated with 4-(4°-Me-
thoxyphenyl)-2,3,4,5-tetrahydro-1H-2,3-benzodiazepin- 1-one, intraperitoneally, 5 mg/kg once a day)
and BS 34-20 (treated with 6-(4-Methoxyphenyl)-7H-[1,2,4]triazolo[3,4-a][2,3]benzodiazepine; intra-
peritoneally, 5 mg/kg once a day) groups. The light microscopy with hematoxylin and eosin straining
was performed on 3, 7, 14, 21 days after injury. Hippocampus CAI, CA3 zones and dentate gyrus were
studied. Unlike the placebo group, the MPTD-01 and BS 34-20 experimental groups demonstrated a
smoothing of the swelling phase and its reduction, a shift in the time phase of cellular reactions to a
later time. In the BS 34-20 group, minimal edema and more complete restoration of the structure of the
hippocampus was observed on the 21st day of the experiment. Even though the studied structures of the
hippocampus were not directly traumatized during the performance of the TBI model, they also undergo
remodeling according to the revealed patterns. Such remodeling consists in the sequential change of the
swelling phase by the phase of cellular reactions followed by the recovery phase. As it was shown in
current study, the use of MPTD-01 and BS 34-20 in rats after a moderate traumatic brain injury leads to
a time shift and smoothing of the edema phase. The possible explanation of the studied drugs action is
excitotoxicity reduction what results in less pronounced secondary alteration. Tested novel hydrogena-
ted benzodiazepines can be considered as promising drugs for neurodegeneration prevention after mild
traumatic brain injuries, but their effect on glia activation and other phases of inflammatory cascade
both with neuron and gliocyte ultrastructure still need to be investigated.
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Introduction

Following epidemiological studies published
between 2015 and 2020, the age-adjusted inci-
dence of all severities of TBI was between 476
per 100000 individuals in South Korea (Kim et al.,
2020) to 787 per 100 000 individuals in the USA.
(Taylor, Bell, Breiding & Xu, 2017).

In 2016 Institute for Health Metrics and Evalu-
ation (global Disease burden metrics) reported that
that TBI was a cause of 8-1 million YLDs (Years of
healthy life lost due to disability). As for war-relat-
ed TBI, the U.S. Armed Forces Health Monitoring
Centre reported that 375,230 U.S. servicemen suf-
fered from TBI from 2000 to 2016 (Wojcik, Stein,
Bagg, Humphrey & Orosco, 2010).

According to epidemiological studies, in gen-
eral, the incidence of TBI among soldiers who par-
ticipated in Operation Iraqi Freedom (OIF), Opera-
tion Enduring Freedom (OEF), and Operation New
Dawn (OND) deployment reached 15.2-22.8%
(Wojcik et al., 2010)

Ukrainian national statistics on TBI epidemiol-
ogy among military personnel are still unalienable
or incomplete due to continued russian aggression.

The most common short and long-term TBI-as-
sociated complications include immediate seizures,
early and late post-traumatic epilepsy, cerebrospi-
nal fluid leakage, hydrocephalus, cognitive and
memory impairment, post-traumatic stress disorder
(PTSD), and injury-related depression (Kaptalan,
Andreeva, Stoyanov, Ostapenko & Oliinyk, 2021).

Studies on the epidemiology of late posttrau-
matic epilepsy demonstrated that patients with
mild TBI have an increased probability of late epi-
lepsy onset nearly three times more during the first
year after injury and nearly two times more during
the next three years. For such patients, standar-
dized incidence ratios are 3,1 (1,0-7,2 95 CI) and
2,1 (1,1-3,8 95% CI). (Annegers & Coan, 2000)

Another wide cohort study showed that pa-
tients with mild TBI had significantly (up to 37%)
increased risk of affective disorders, especially
during the second year (Delmonico et al., 2024)

The last scoping review also stated that long-
lasting cognitive impairment including episodic
memory impairment can be observed in nearly 55%
of the patients after mild TBI during the first year
after injury. (Mclnnes, Friesen, MacKenzie, West-
wood & Boe, 2017; Mavroudis et al., 2024)
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The hippocampus is considered as a part of the
brain that responds to affect, cognitive, and memory
functions. Both with this, hippocampus transforma-
tion such as hippocampal sclerosis with neuronal
cell death and excessive gliosis or mossy prolif-
eration are keystones of epileptogenesis. Preven-
tion of neurodegeneration and epileptogenic brain
transformation by decreasing excitotoxic events is
a key way of late TBI complications prophylactics
(Ostapenko, I. 2022; Ziablitsev, & Khudoley 2020).

Design of novel drugs that can decrease exci-
totoxicity by increasing or modulation of GABA-
ergic transmission can be a perspective way of
treatment.

Aim

The current study aimed to investigate of GA-
BA-benzodiazepine receptor complex modulators
(hydrogenated 2,3-benzodiazepines MPTD-01 and
BS 34-20) effect on rat hippocampus structures af-
ter experimental mild traumatic brain injury. The
question of the study was are the hydrogenated
2,3-benzodiazepines MPTD-01 and BS 34-20 pre-
vent neurodegeneration in hippocampus after mild
traumatic brain injury?

Materials and methods

The experiment was carried out on 125 male
Wistar rats (180-240 g) that were housed in stan-
dard conditions, natural light cycle, water and food
ad libitum.

We used the modified Marmarou weight drop
model to perform mild traumatic brain injury by ap-
plying a 66,7 g weight drop from 65 cm on interau-
ricalar point at sagital line. (Nasution et al., 2020).

All the rats were divided to four groups:

Rats from I group rats received no injury or
treatment (intact)

Rats from II group received placebo treatment

Rats from III group received MPTD-01
(4-(4’-Methoxyphenyl)-2,3,4,5-tetrahydro-1H-2,3-
benzodiazepin-1-one; intraperitoneally, 5 mg/kg
q.d.)

In IV group rats received BS 34-20 (6-(4-Me-
thoxyphenyl)-7H-[1,2,4]triazolo[3,4-a][2,3]ben-
zodiazepine; intraperitoneally, 5 mg/kg q.d.)

3,7, 14 and 21 days after injury rats were sacri-
ficed by decapitation under thiopentone overdose.
Rat brains were processed for light microscopy.
5-um thick sagital formalin-fixed paraffin-embed-
ded sections were sliced and stained with hema-
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toxyline and eosyne (Mulisch, & Welsch, 2015),
observed via MICROmed Evolution ES-4130 light
microscope. All obtained photos were processed
with ImagelJ software (NIH, USA, ver. 1.50), On
all slices we defined, studied and described dentate
gyrus, CA1 and CA3 hippocampus zones.

All experimental procedures were performed
in accordance with Directive 2010/63/EU of the
European Parliament and of the Council on pro-
tection of animals used for scientific purposes. We
also consider national regulatory act (The law of
Ukraine «On protection of animals from cruelty»).

Results

By the 3¢ day after injury rats from all ex-
perimental groups demonstrated preserved layer
structure of hippocampus including dentate gyrus.
By this term, we reveal the edematous changes in
subgranular layer of dentate gyrus in hippocampus
of all experimental groups. Such changes were ob-
served in all experimental groups, but they were
more prominent in I (TBI+placebo) group. Such
findings were also seen in III experimental group
(TBI+MPTD-01) but the degree of their severi-
ty was less than in II group. Rats from IV group
(TBI+BS 34-20) demonstrated similar in nature
but minimal in expression changes.

On the 7™ day after injury rats from II (TBI+-
placebo) group demonstrated signs of oedema in
subgranular layer of dentate gyrus. Part of CA3 hip-
pocampus zone that directly directly contain focus
with increased number of small round-shaped cells
that have basophilic cytoplasm. The CA1 hippo-
campus zone contains focus, where typical granular
cells are absent, the vast majority of cells have poly-
morph, polygonal or corrugated shape and basophil-
ic cytoplasm. Such cells are placed in 2-3 rows.

In III experimental group (TBI+MPTD-01)
the dentate gyrus composed of light granular
cells, with oedema in subranular layer, The CA3
and CA1 hippocampus zones contain mostly light
granular cells that form several layers with few of
the pyramid cells with bright basophilic cytoplasm
in between other cells.

In the IV experimental group (TBI+BS 34-20)
the structure and cell presence of dentate gyrus,
CA3 and CAT1 hippocampus zones are similar to
one in I (intact) group.

By the 14 day in II group (TBI+placebo) The
dentate gyrus composed of majorly granural cells,
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nearly half of them have basophilic cytoplasm. Ede-
ma in subgranular layer is like such in previous term.
CA3 hippocampus zone contains both granular and
pyramidal cells with basophilic cytoplasm and nuc-
lei with clearly seen nucleoli. CA1 zone contains
focus with decreased number of granular cells. Half
of them have normal structure and cytoplasm tinc-
torial properties. The rest of the cells had polygonal
or corrugated shape and basophilic cytoplasm.

In IIT group (TBI+MPTD-01) The dentate gy-
rus is majorly composed of granular cells and a
few pyramidal cells that preserve their structure.
CA3 hippocampus zone contains decreased num-
ber of granular cells with preserved structure; the
CA1 zone contain oval-shaped granular cells with
light cytoplasm and nuclei with clearly seen nucle-
oli, few pyramidal cells with basophilic cytoplasm.

In IV group (TBI+BS 34-20) the dentate gyrus
composed of huge amount of small round-shaped
granular cells with basophilic cytoplasm. Signs of
edema are less prominent than in previous term.
CA3 and CA1 hippocampus zones contain granu-
lar cells with slightly basophilic cytoplasm. In CA1
zone below cortical impact place granular cells ap-
pear corrugated, have basophilic cytoplasm.

By the 215t day in II group (TBI+placebo) Den-
tate gyrus contain granular cells with signs of peri-
cellular and intracellular edema that majorly pres-
ent in molecular layer. CA3 and CA1 hippocampus

Fig. 1. Dental gyrus and hillus hippocampus
zone, BS 34-20 treatment group, 215 day after
injury. Scale bars is 50 um. * — granule neuron;

black arrows — pyramidal cells in subgranular layer;
white arrow — glia cell; double headed arrow — hillus
with granular cells and interneurons
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zones contain decreased number of cells, majority
of cells are corrugated, wrinkled and have baso-
philic cytoplasm.

In IIT group (TBI+MPTD-01) dentate gyrus
both with CA3 and CA1 hippocampus zones con-
tain typical cells preserve their quantity, shape and
orientation, but nearly all of them have basophilic
cytoplasm.

In 1TV group (TBI+BS 34-20) dentate gyrus,
CA3, CAL1 hippocampus zones contain both oval-
shaped granular cells with narrow light cytoplasm
and pyramidal cells with basophilic cytoplasm. In
CA1 zone, under the impact zone most cells are
pyramidal with basophilic cytoplasm.

Discussion

As we observed, the dentate gyrus structures
react to injury as swelling of subgranular layer that
was more prominent at 3™ at 7! days after inju-
ry and gradually decreased from 14 to 21% day in
IT (TBI+placebo group). The edema in subgran-
ular zone in both experimental groups are more
prominent at 7 and 14™ days after injury, with de-
crease to 215 day. In contrast to II and III groups,
rats from IV group demonstrated minimal signs of
subgranular layer swelling. The reaction of cells
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in dentate gyrus to injury manifests in the form of
cytoplasm basophilia that was observed at 14t day
in II (TBI+placebo) group; together with decrease
in number of cells at 215 in this group it can be
considered as sign of apoptosis. In contrast to this,
in I (TBI+MPTD-01) group such prominent ba-
sophilic strain of granular layer cells observed at
7t day with strain features incomplete recovery at
day 14. Rats from IV group demonstrate similar
changes with cell incomplete recovery till day 21.

We also observe differences in cell reaction
in the CA3 and CA1 hippocampal zone between
groups: the peak of reactivity and cell activation in
IT group (TBI+placebo) is on the 7" and 14% day
after injury and appears as hyperstrained basophilic
cytoplasm of cells in granular zone. In the III group
(TBI+MPTD-01) such neuronal cytoplasm activa-
tion was observed only on 21%t day after injury,
whereas in IV group (TBI+BS 34-20) peak of neu-
ronal cytoplasm hyperactivity was on 14" day and
neuronal straining features were restored at day 21.
(Tucker, Burke, Fu & McCabe, 2017).

Conclusions

Even though the studied structures of the hip-
pocampus were not directly traumatized during the

Fig. 2. Dental gyrus hippocampus zone. Prefixes — «A» — placebo treatment group, «B» — MPTD-01
treatment group, «C» — BS 34-20 treatment group; 1, 2, 3,4 — 3, 7, 14 and 21 days after injury respectively.
All scale bars are 50 um. * — pronounced edema in subgranular layer.
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performance of the TBI model, they also under-
go remodeling according to the revealed patterns.
Such remodeling consists in the sequential change
of the swelling phase by the phase of cellular reac-
tions followed by the recovery phase.

As it was shown in current study, the use of
MPTD-01 and BS 34-20 in rats after a moderate
traumatic brain injury leads to a time shift and
smoothing of the edema phase. The possible expla-
nation of the studied drugs action is excitotoxicity
reduction what results in less pronounced secon-
dary alteration. Tested novel hydrogenated benzo-
diazepines can be considered as promising drugs
for neurodegeneration prevention after mild trau-
matic brain injuries, but their effect on glia activa-
tion and other phases of inflammatory cascade are
still needed to be investigate.
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AHomauyia: yacmoma mpasmu 20108H020 MO3KY ceped Kpail YCb02o C8imy 3aIUacmvcs 8UCOKOIO
i doszompueani HACTIOKU MAKUX MPABM NPUBHOCAMb MA 30L1bUYIOMb K MEOUYHUL MAaK i coyianbHul
mszap Ha cghepy epomadcvkoo 300pos'a. Taki Hacnioku mpagm ceped iHUL020, 8KIIOUAIOMb 8 cebe PAHHIO
ma ni3uio NOCMMpAasMamuyHy eniiencit, NOCMmMpAasMamuyHULL CMpecosull po3nao, denpeciio, KOCHIMUEHI
NOPYUIEHHS 4aACMO 8UMA2A0Mb MPUBAI020 NiKyeanHusa. dacmoma makux He2amu@Hux HACIIOKI8 Mpasm
20106H020 MO3KY HAO36UYALIHO BUCOKA CePeo GilICbKOBOCTYHCOO8YI8 MA YUBINTLHUX 2POMAOAH Ni0 ydc
gitiHu. Buxnaodeni euuje chakmu 06ymo8n1010ms HeoOXioHicms po3pooKuU HOBUX cmpamezill NiKy8anHsa ma
npoQinaxmuky, 6Ku0YaIoyU po3pooKy HOGUX Npenapamis O 3abe3neyeHts. KOMHIEKCHO20 NIKY8aAHHs
ma noooNaHHs CKIAOHOWIS, WO 3YCMpiuaromscs y npoyeci peabinimayii nicis mpasm 20108HO20
Mmo3Ky. Excnepumenm npogedeno na wjypax-camyax ainii Bicmap. /[na eiomeopenna mpasmu 20108H020
MO3KY BUKOPUCMOBYBANU MOOeNb BLIbHO20 NAdinHA eanmadcy. LL[ypu Oyiu pos3dineni na inmakmmy,
naaye6o ma 2 excnepumenmanvii epynu MPTD-01 (ompumysanu 4-(4’-Methoxyphenyl)-2,3,4,5-tetra-
hydro-1H-2,3-benzodiazepin-1-one 6 003i 5 me/ke enympiwnvoouepesunto, 1 paz na 006y) ma BS 34-
20 (ompumyeanu 6-(4-Methoxyphenyl)-7H-[1,2,4]triazolo[3,4-a][2,3]benzodiazepine 6 003i 5 me/ke
gHympiuHboouepesurto, 1 pas na 000y). Yepes 3, 7, 14, 21 Oenv nicia mMoOeno8anHs mpasmu meapum
BUBOOUNU 3 eKCHEPUMEHNY, NPOBOOUNU MIKDOCKONIYHE 00CNIONCEHHS 3PI3i8 3a0ap8NIeHUX 2eMAMOKCUTIIH-
eozunom mamepiany i3 3on CA1, CA3 ma 3ybuacmoi 36usunu cinokamny. Ha npomusazy epyni niayebo, y
epynax i3 3acmocyeannam MPTD-01 ma BS 34-20 siosnauanocs 3enadcenicms nepebicy gazu nabpaxky
ma ii sMeHwennts, 3¢y8 yacy ¢hazu KiimuHHUX peaxyiti Ha Oinvwl nisuii uac. B epyni i3 3acmocyeannsim BS
34-20 sio3nauascsa MiHIMANbHUL HAOPAK Ma OLNbUL NOBHE 8IOHOBNIEHH CMpYKmypu 2inokamna Ha 21 006y
610 nouamky excnepumenmy. He 36adxcarouu na moii ¢hakm, wo 00Cnioxncysami cmpykmypu 2inokamna He
3a3HAIOMb NPAMO20 BNAUGY NIO YAC MOOETIOBANHS MPABMU, BOHU MAKOMC NIOOAIOMbCA PEMOOETIOBAHHIO NO
gidomum nammepram. Take pemooentogants cKiaoaemvcs i NOCIi008HUX (hazu HaOPAKY, (asu KAIMUHHUX
peakyiti ma ¢gazu eionosnenna. Hawi oocniou nokasanu, wo 3acmocyeanns MPTD-01 ma BS 34-20 y
Wypie nicis mpasmu 207106H020 MO3KY CepeOHb020 CHYNeHs Npu3gooums 00 8i0CMpPOUeHHs Yy uaci ma
3enadocenocmi pasu Habpaxy. Modcnugum nosicHeHHAMMeXanizMy 0ii 00CIIOHCY BAHUX PEHOBUH € SMEHULEHHS]
eKCaumomoKCUuHOCmi HelpoHi8 i3 GIPOCiOHUM 3MeHUleHHAM 6MOpUHHOI arvmepayii. Jocniodcysari
HOBI Gen300iazeninu  MOJCYMb G8ANCAMUCS NEPCHEKMUBHUMU NPEenapamamiu O NONepeoNCceHHs
HelipooezeHepayii niciia mpasmu 20106H020 MO3KY, npome, iX epekm Ha akmugayiro Heupo2nii ma iHui
azu nelipozananenus max camo AK i YibmpacmpyKmypa Heuponie ma Heupoenii npu ix 3acmocysamHi
nompeobyoms NOOAIbUUX OOCTIONHCEHD. Copyright: © 2024 by the authors;

licensee USMYJ, Kyiv, Ukraine.
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