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Abstract

The gut—brain axis represents a bidirectional communication network that integrates
neural, endocrine, and immune pathways with intestinal microbiota-derived signals.
Disruption of this system, often resulting from gut microbiota dysbiosis, has been
increasingly associated with neurological and psychiatric disorders, including
depression, Alzheimer’s disease, and Parkinson’s disease. Understanding a crosstalk
between host genetics, microbiota composition, and neuroinflammatory processes is
therefore crucial for elucidating the mechanisms underlying brain health and disease.
In the present study, we investigated gut microbiota composition in two genetically
distinct rat Wistar and Krushinsky-Molodkina (KM) strains, and further assessed the
effects of kindling-induced epileptogenesis and associated neuroinflammation on
the KM microbiota. Our analyses revealed notable inter-group alterations in
microbial composition. In particular, Enterococcus hirae abundance differed
significantly between Wistar and KM control rats, while Streptococcus
hyointestinalis exhibited changes between the KM control and KM kindling groups.
Furthermore, we observed a reduced relative abundance of Lactobacillus murinus
and Lactobacillus reuteri in KM control rats compared with both Wistar and KM
kindling animals. In parallel, we observed altered expression of NF-xB p65 in the
temporal lobe white matter. Specifically, Wistar vs. KM control rats displayed lower
NF-xB p65 expression, whereas KM kindling rats showed reduced expression
compared to the KM control group. Such alterations in NF-kB p65 expression
correlate with observed shifts in abundance of Lactobacillus murinus and
Lactobacillus reuteri, suggesting a link between microbiota composition and
neuroinflammatory processes. These findings provide deeper insight into the
multifaceted interplay between host genetic background, neuroinflammation, and
gut microbial composition. The results suggest that differences in bacterial taxa,
particularly within Lactobacillus species, may be linked to NF-kB-mediated
processes in the brain, thereby shaping the pathophysiological landscape of

neurological disorders. Further investigations are required to better understand the
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complex crosstalk between host genetics, brain and gut microbiota, and their

implication for health and disease.

Keywords: Epilepsy, gut microbiota, gut-brain axis, Lactobacillus murinus,
Lactobacillus reuteri, NF-kB p65.
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Pe3rome

Ochb KHILIEYHUK-MO3T - 3TO JIByHAIpaBJI€HHAss KOMMYHUKAIIMOHHAS! CHCTEMA,
KOTOpasi BKJIIOYAET B CE€OSl CIIOKHBIE B3aUMOJICHCTBHUS MEXIY KHUILIEYHUKOM U
Mo3roM.  JlucOakTtepno3  KMILIEYHOM  MHKPOOUOTBI,  XapaKTEpU3YIOUIUIICS
nucbamaHcOM B €€ cocTaBe, ObUI CBSI3aH C HECKOJBKMMHU HEBPOJIOTHUECKHUMHU
paccTpoicTBaMH - Jenpeccuei, 0ose3upio AnbnreiimMepa, 6ose3nnio [lapkuHcoHa n
Ipyrumu. B 3Tol cTaThe Mbl CTAaBUM CBOEH II€JIbIO MPOAHATU3UPOBATH MUKPOOUOTY
KHIIIEYHUKA JIBYX TCHETHUYECKH Pa3IMYHbIX JIMHUK Kpbic Wistar u Kpymmackoro-
Monoakunoit (KM) u OlEHUTh BJIMSHUE KHUHJIMHTA W CBSI3aHHOTO C HUM
HEHpOBOCHAJIEHUsI HA MUKPOOHOTY KuilledyHuka kpbic KM. MeTtoabl uccneoBaHus
BKJIFOYAJIU B c€051 KIIACCUYECKUE OAKTEpUOIOrMYECKUE, OMOJIOTHYECKHE HA MOJEISIX
kppic aByx suHMM Wistar u KM, Macc-ClieKTpOMETpUYEeCKU MeTo]
uaeHTUPUKau OakTepui, BECTEPH-OJOTTUHT JJISI UCCIEIOBAHUS CPE30B KOPbI
BHCOYHOM JI0JIM M OEJIOr0 BELIECTBAa MO3Tra KPbIC, CTATUCTUYECKUE METO/Ibl aHAIHN3a
naHHbIX. Pesynbrarel. Hamm pe3ynbTratbl CBHIETENBCTBYIOT OO0 WM3MEHEHUSX B
cocTaBe MUKPOOHMOTHI Y KPBIC pa3HbIX JInHUI: Enterococcus hirae mpeobnamanu y
muaun KM, Streptococcus hyointestinalis - y kpoic muann KM (kusanar). Huskast
gyucnenHocTh  Lactobacillus murinus u Lactobacillus reuteri ormeuena B
KOHTPOJILHOM TPYIIIE MO CPABHEHUIO C KphIcaMu JUHUU BucTtap u Kpbicamu JIMHUU
KM, noaBepruyThIX KUHUTUHTY. B GesoM BelecTBe BUCOYHOM TOJIA Y KPBIC IMHUU
Bucrap Obu1 oOHapykeH Oonee HuM3KUM ypoBeHb 3kcrmpeccuu NF-kB p65 mo
CpaBHEHUIO C KOHTpoJbHOU rpyrinoi KM, u skcnipeccus atoro 6enka B rpynmne KM,
MOJIBEPTHYTHIX KUH/JIMHTY, OblJla HUXKE M0 CPABHEHHUIO C KOHTPOJIHHOM TPYIIION
KM. Ot uzmenenus B sxcrpeccun NF-kB p65 koppenupyroT ¢ Habt01aeMbIMU
m3MeHeHnssMH B uucinenHoctn Lactobacillus murinus u Lactobacillus reuteri,
KOTOpbIE, OyAyun rerepohepMEHTUPYIOMUMHU OaKTEPUSIMU, MOTYT MPOTYIIUPOBATH
METa0OJIUThI, KOTOpbIE CIOCOOCTBYIOT M3MEHEHHMSIM B OMOXMMUYECKOW Ccpefe
opranuzma. OOHapyXEHHOE Pa3MHOXKEHHE JITHX BUJOB OakTepwii B OTBET Ha

AyJAUOI'CHHLIC CTUMYJIbl MOXKCT IMOTCHIUAIILHO IMOBJIMATE Ha YPOBCHBL 3KCIIPECCCHUU
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NF-xB p65 B opranu3sme Xxo3siuHa. OTH  pe3yjbTaThl MOJYEPKUBAIOT

HNOTEHUUAIbHYI0 Ba)XXHOCTb MHUKPOOMOTHI KHIIEYHHKA KaK TepaneBTUUYECKON
MUIICHU JIJIs1 JICUEHUS SIIIICTICHU. MaHUITy IMpoBaHUE KUIIIEYHON MUKPOOHOTOH C
HNOMOUIbIO TPOOMOTUKOB WM JAMETUYECKUX BMEIIATEIBCTB MOTEHIIUAIBHO MOKET
CIIY’)KATh TEPANEBTUYECKUM IOAXOJOM B KOHTEKCTE JSIWICNCUU. BBIBOIBIL:
Pe3ynbTathl 3TOr0 MCCIEA0BaHUS MOTYT CIOCOOCTBOBATH JIyUIIEMY MMOHUMAaHHUIO
CJIO’KHBIX B3aMMOJIEUCTBUN MEKIY N'€HETHKOM XO31HMHA, MO3TOM M MHKPOOHOTOM
KMUIIIEYHUKA, 4 TaKKE€ HMX IOCIEACTBUM U1 BO3HMKHOBEHHMS IATOJOTMYECKUX

COCTOSIHUHU U COXpPaHCHHUCM HJIN BOCCTAHOBJICHHUCM 3JI0POBbAI.

KuroueBbie cjoBa: Dnuierncus, KAMEYHass MHKPOQIIopa, OChb KHIIEYHUK-MO3T,

Lactobacillus murinus, Lactobacillus reuteri, NF-kB.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

10.15789/2220-7619-ETI-17934
1 Introduction

The gut microbiome, which refers to the complex community of
microorganisms residing in the gastrointestinal tract, has been increasingly
recognized for its potential role in neurological disorders (1, 2).

Emerging evidence suggests that alterations in the gut microbiome may lead
to increased inflammation (2, 3), which has been implicated in epilepsy. The gut and
brain are closely connected via a bidirectional communication pathway known as
the gut-brain axis (4, 5, 6). The gut microbiota can influence brain function through
various mechanisms, including the production of neurotransmitters, metabolic
byproducts, and immune signaling molecules (2, 5, 7) that can impact the excitability
of brain cells. Dysbiosis, or an imbalance in the gut microbial community, can
modulate adaptive and innate immunity (8) and result in the production of pro-
inflammatory molecules that may trigger inflammation in the brain (9), potentially
leading to seizures.

Studies using animal models and clinical patients have shown that
manipulation of the gut microbiota through probiotics, prebiotics or fecal microbiota
transplantation can influence CNS functions, implicated in neurodegenerative
processes (10, 11, 12, 13, 14) and seizure activity (15, 16). For example,
administration of certain probiotic strains has been found to reduce seizure
frequency and severity of epilepsy (15, 16).

Certain species of gut bacteria, such as those belonging to the Clostridioides
and Bacteroides genera, have been shown to possess anti-inflammatory and
neuroprotective properties, while others, such a Prevotella copri, Escherichia and
Shigella have been associated with pro-inflammatory effects (17, 18, 19, 20, 21, 22).
Imbalances in the relative abundance of these microbial species in the gut may
contribute to chronic inflammation (20). Inflammation can increase the excitability
of brain cells and promote the development of seizures or exacerbation of epilepsy.
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Krushinsky-Molodkina (KM) rats are a widely used experimental model for

studying epilepsy pathophysiology, characterized by genetically determined
alterations (23, 24).

The aim of this study was to analyze the gut microbiota in two distinct rat
models — Wistar and KM rat model, in order to provide insights into the impact of
genetic alteration on the gut microbiota. In addition, we studied the potential
implications of audiogenic kindling on the gut microbiota in KM rats. Next, we study
the NF-kB p65 expression level in white matter and cortex of brain temporal lobe in
all experimental groups.

2 Materials and Methods

1 Animal Model

We used 15 adult male and female Krushinsky-Molodkina rats (KM naive n
=5, KM kindling = 10) (IEPhB RAS, Russia), the control group was Wistar rats (n
= 5). At the beginning of the experiment, the rats were 10-12 months old. All rats
were housed in groups of 5 in separate cages (light and dark 12:12, free access to
food and water).

All procedures were carried out in compliance with the recommendations and
ethical principles set out in the EC Directive 86/609/EEC for animal experiments
and approved by the Institutional Animal Care and Use Committee at the Sechenov
Institute of Evolutionary Physiology and Biochemistry.

2. Audiogenic kindling

The experimental protocol involved subjecting rats to repeated audiogenic
seizures. Briefly, rats were housed individually in a transparent Plexiglas chamber
(50 x 30 x 20 cm) equipped with a loudspeaker located above the chamber.
Audiogenic seizures were induced for 21 days (9 kHz, 50 dB) before seizure onset
or for 1 minute if seizures did not occur, and seizure activity was monitored and
recorded during each session. After 7 days of rest, an autopsy was performed.

3 Fecal samples collection and Bacterial Cultivation



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

10.15789/2220-7619-ETI-17934
Fresh fecal samples were collected from KM naive and KM kindling rats 21

days after the start of the experiment. For Wistar rats, samples were collected after
7 days. Each collected sample was utilized for cultivating both anaerobic and aerobic
bacteria. Sample collection was carried out using appropriate aseptic techniques to
minimize contamination. All samples were immediately transferred to the laboratory
and processed without delay. For anaerobic bacteria cultivation, samples were
streaked onto sterile thioglycolate broth, transferred to anaerobic chamber
(anaerostat) and incubated at 37°C for 24 hours. For aerobic bacteria cultivation,
samples were streaked onto sterile meat broth and incubated at 37°C for 24 hours.
Subsequently, the specimens were inoculated onto blood agar sterile plates at 37°C
for 24 hours to facilitate sub-culturing and obtain pure bacterial colonies on the next
step. Pure bacterial isolates were inoculated onto blood agar sterile plates at 37°C for
24. All broth and solid nutrient media were obtained from «Biovitrumy», Russain
Federation.

4 MALDI-TOF analysis

Bacterial isolates were cultured for 18-24 hours at 37°C on blood agar plates.
For mass spectrometer analysis, a single colony from each pure culture was picked
using a sterile toothpick and directly spotted onto an MSP chip (MSP 96, Bruker
Daltonics, Germany). Each spot was overlaid with 1ul of matrix solution (a-cyano-
4-hydroxycinnamic acid, dissolved in 50% acetonitrile and 2.5% trifluoroacetic
acid) and allowed to co-crystallize at room temperature. As the calibrating standard,
protein extract from E. coli DH5a (ref. Ne 255343, Bruker Daltonics) was used. The
target plate was loaded into a Microflex™ LT MALDI-TOF mass spectrometer
(Bruker Daltonics, Germany) using the application FlexControl, and mass spectra
were acquired in the automated linear positive mode with all necessary parameters
detailed in the device instruction. Each spectrum represented an accumulation of 240
laser shots. The acquired mass spectra were analyzed using the software MALDI
Biotyper 3.0 (Bruker Daltonics). Bacterial identification was achieved by comparing

the obtained spectra against a reference database included with the MALDI-TOF
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system. Scores SV > 2.3 were considered as reliable identification at the species

level; scores between 2.299 and 2.00 indicated genus identification; SV between
1.99 and 1.7 as probable genus-level identification; scores lower than 1.7 were
considered unreliable identification.

5 Western-blotting

For the Western blot analysis, sections of the temporal lobe cortex and white
matter were first homogenized in lysate buffer containing added phosphatase and
protease inhibitors (10 pl/ml, Sigma-Aldrich). The homogenates were then cooled
at 4°C for one hour, followed by centrifugation at 12,000 g. After centrifugation, the
clear supernatant liquid was collected and mixed with Laemmli buffer, which
includes mercaptoethanol. This mixture was heated at 95°C for 10 minutes. The
samples were then run on a vertical electrophoresis gel, followed by the transfer of
the separated proteins onto a nitrocellulose membrane. The membranes were
immersed in a 3% BSA solution (Biolot, Russia) prepared in Tris buffer (0.1%
Tween 20, 0.2 mM Tris, 137 mM NaCl) for one hour. Subsequently, the membranes
were incubated at 4°C overnight with primary antibodies to NF-kB p65 (pAb,
ab86299, Abcam, 1:1000) while undergoing continuous stirring. This step was
followed by incubation with secondary antibodies (pAb, 1:5000, Anti-Rabbit IgG,
Sigma), and the protein bands were visualized using enhanced chemiluminescence.
The bands were analyzed with the ChemiDoc gel detection system (BioRad), with
subsequent densitometry (ImageJ).

6 Statistical analysis

Comparisons between two groups of bacterial genera were conducted using
the chi-square Pearson test or exact Fisher test. Comparisons between two groups of
bacterial species were performed using the exact Fisher test. Protein expression
levels between two groups were assessed using the Mann-Whitney U test. To
compare differences among multiple groups concerning protein expression levels,

one-way ANOVA with Tukey’s post hoc analysis was applied. Significance was
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established at a threshold of p < 0.05. The construction of the heatmap was

accomplished through the implementation of a Python script.

7. Artificial Intelligence

In the preparation of this manuscript, we utilized the Large Language Model
(LLM), ChatGPT, developed by OpenAl, for grammatical corrections and to
improve the clarity and understandability of the text. This tool assisted in refining
the language and structure of the manuscript without contributing to the conceptual
framework, experimental design, data collection, or analysis.
3 Results and Discussions

The gut microbiome is a complex ecosystem that influences a wide range of
physiological processes in the host. In this article, we analyze the relationship
between the gut microbiota, and its potential implications for epilepsy pathogenesis
and treatment. Our findings (Fig. 1) reveal noteworthy differences in the abundance
of specific bacterial genera between the KM control and Wistar groups. Specifically,
we observed a notable reduction in the prevalence of Lactobacillus murinus and
Enterococcus genera in KM control rats when compared to the Wistar rats.
Interestingly, discernable variations in the abundance of Lactobacillus murinus and
Lactobacillus reuteri were observed between the KM control and KM kindling
groups. Whereas the population of these bacterial strains were decreased in KM
control compared to the Wistar group, a contrasting trend was identified in the KM
kindling group, where the abundance of these bacteria were increased in comparison
to the KM control group. According to other studies it is apparent that patients
exhibiting lower seizure frequency tend to possess higher level of Bifidobacteria and
Lactobacillus (25). This finding implies that Lactobacilli may potentially serve a
protective function in the management of epilepsy, given the association between
gut microbiota alterations and lowered seizure threshold. Same as in KM control,
the abundance of Enterococcus was found to be decreased in KM rats after 21 days
of audiogenic kindling compared to Wistar group, which speak in favor of relation

between development of epilepsy and alterations in gut microbiota composition.
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Another notable shifts observed in the abundance of bacterial strains between KM

naive and KM kindling groups was an increase in the Streptococcus hyointestinalis
after 21 days of kindling. This may underlie the involvement of these bacteria into
epilepsy pathogenesis.

One possible explanation for the decreased abundance of Lactobacillus and
Enterococcus genera, and the increased abundance of Streptococcus hyointestinalis
could be due to genetic differences between Wistar and KM rats , which
subsequently leading to impairment of the barrier function within the intestinal
lumen. These changes may be attributed to altered host-microbiota interactions or
changes in the intestinal metabolism. It is known, that the microorganisms inhabiting
the gastrointestinal tract and their metabolites have the potential to modulate various
physiological processes in the host, including neuroinflammation, BBB permeability
and subsequent chronic inflammation (26, 27). Increased prevalence of opportunistic
pathogens, such as Streptococcus, in the gut may be associated with inflammatory
processes and could potentially contribute to the development or exacerbation of
epilepsy.

NF-kB is a key regulator of inflammation and plays a crucial role in the
activation of inflammatory responses. It has been shown that gut microbiota
disturbances can activate NF-kB p65 expression and promote apoptosis and
inflammation (31). In our study, we analyzed the expression level of NF-kB p65 in
the cortex and the white matter of the temporal lobe region of the Wistar, KM control
and KM kindling groups.

An elevated level of NF-kB p65 expression was observed in the white matter
of the temporal lobe region of the KM control group compared to the Wistar rats
(Fig. 2A).. While the expression level of this protein in KM kindling group was still
higher than in Wistar rats, the comparison between KM control and KM kindling
rats demonstrate the descend of its expression in KM kindling group (Fig. 2B).. The
observed increased level of NF-kB p65 in KM control rats compared to Wistar rats,

with subsequent decreased of its level after audiogenic kindling is notably consistent
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with the observed shifts in abundance of Lactobacillus in these experimental groups.

Previous research has demonstrated that Lactobacillus and their metabolites possess
anti-inflammatory properties by inhibiting the overexpression of NF-kB signaling
pathway (28, 29, 30). In the context of KM rats, which exhibit audiogenic epilepsy
and altered level of NF-kB p65, it is plausible that the decreased abundance of
Lactobacillus murinus may contribute to the dysregulation of the NF-kB signaling
pathway and altered seizure threshold, while the increased populations of
Lactobacillus murinus and Lactobacillus reuteri in KM rats after audiogenic
kindling may demonstrate some compensatory mechanism triggering by audiogenic
kindling. A distinctive feature of these two Lactobacillus species is that they belong
to the group of heterofermentative bacteria (32). It is possible that the production of
certain metabolites by these bacteria contributes to changes in the biochemical
environment of the host organism. Therefore, the detected reproduction of these
bacterial species in response to audiogenic stimuli can potentially affect the
expression level of NF-kB p65 in the host body. The level of this protein in KM
kindling group was still significantly higher in comparison to Wistar rats (Fig. 2C)..
These results emphasize the potential importance of the gut microbiota as a
therapeutic target for therapy of epilepsy. Manipulating the gut microbiota through
probiotics or dietary interventions could potentially serve as a therapeutic approach
in the context of epilepsy.

In the temporal cortex, our study revealed no statistically significant
differences in the level of studied protein between the Wistar and KM control groups
as well as between the KM control and KM kindling groups (Fig. 3). The observed
changes between the Wistar and KM kindling groups should not be interpreted in
isolation from the outcomes of the two previous comparisons.

4 Conclusion

In summary, the gut microbiota appears to play role in the epilepsy

pathogenesis through the influence of specific microbial compositions on the

modulation of seizure activity.
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We observed the compatible changes in the level of NF-kB p65 in the white

matter and the changes of populations of Lactobacillus murinus and Lactobacillus
reuteri in all three compared groups of experimental animals. Specifically, the
elevated level of this protein in KM control compare to Wistar group and decline of
this protein in KM kindling compare to KM control inversely correlated with the
abundance of Lactobacillus murinus and Lactobacillus reuteri species in this groups.
Next, we noticed the decreased level of Enterococcus bacteria in KM control and
KM kindling groups compared to Wistar rats and increased level of Streptococcus
hyointestinalis in KM kindling rats.

The results of this study may contribute to a better understanding of the
complex interactions between host genetics, brain and microbiota of gut, and their
implications for health and disease. Continued research in this area is critical to
expanding knowledge of the gut microbiota and its impact on host health.

List of abbreviations

KM — Krushinsky-Molodkina rats

NF-kB p65 — nuclear factor kappa-light-chain-enhancer of activated B cells

CNS — central nervous system

BBB — blood brain barrier
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KM21+7— Krushinsky-

group;

PUCYHKU
control

Figure 1. Heatmap of rat groups and bacterial species. WC — Wistar control group;

KMC- Krushinsky-Molodkina rats,

Molodkina rats, kindling group.
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Figure 2. NF-kB p65 expression in white matter of temporal lobe. WC — Wistar rat

control group, KMC - Krushinsky-Molodkina rat control group, KM21+7 —
Krushinsky-Molodkina rat kindling group (21 days of audiogenic kindling); * -
significant changes (p<0.05).
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Figure 3. NF-kB p65 expression in cortex of temporal lobe. WC — Wistar rat control

group, KMC — Krushinsky-Molodkina rat control group, KM21+7 — Krushinsky-
Molodkina rat kindling group (21 days of audiogenic kindling); * - significant
changes (p<0.05), ns — no significance (p>0.05).
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