

  ijms-24-08451




ijms-24-08451







Int. J. Mol. Sci. 2023, 24(9), 8451; doi:10.3390/ijms24098451




Article



Beneficial Effects of Probiotic Bifidobacterium longum in a Lithium–Pilocarpine Model of Temporal Lobe Epilepsy in Rats



Olga E. Zubareva 1, Alexandra V. Dyomina 1, Anna A. Kovalenko 1[image: Orcid], Anna I. Roginskaya 1, Tigran B. Melik-Kasumov 2[image: Orcid], Marina A. Korneeva 2, Alesya V. Chuprina 2, Alesya A. Zhabinskaya 2, Stepan A. Kolyhan 2, Maria V. Zakharova 1, Marusya O. Gryaznova 1 and Aleksey V. Zaitsev 1,*[image: Orcid]





1



Sechenov Institute of Evolutionary Physiology and Biochemistry, Russian Academy of Sciences, 194223 Saint Petersburg, Russia;






2



Institute of Physiology of the National Academy of Sciences of Belarus, 220072 Minsk, Belarus;









*



Correspondence: aleksey_zaitsev@mail.ru







Academic Editor: Ali Gorji



Received: 27 March 2023 / Revised: 1 May 2023 / Accepted: 5 May 2023 / Published: 8 May 2023



Abstract

:

Epilepsy is a challenging brain disorder that is often difficult to treat with conventional therapies. The gut microbiota has been shown to play an important role in the development of neuropsychiatric disorders, including epilepsy. In this study, the effects of Bifidobacterium longum, a probiotic, on inflammation, neuronal degeneration, and behavior are evaluated in a lithium–pilocarpine model of temporal lobe epilepsy (TLE) induced in young adult rats. B. longum was administered orally at a dose of 109 CFU/rat for 30 days after pilocarpine injection. The results show that B. longum treatment has beneficial effects on the TLE-induced changes in anxiety levels, neuronal death in the amygdala, and body weight recovery. In addition, B. longum increased the expression of anti-inflammatory and neuroprotective genes, such as Il1rn and Pparg. However, the probiotic had little effect on TLE-induced astrogliosis and microgliosis and did not reduce neuronal death in the hippocampus and temporal cortex. The study suggests that B. longum may have a beneficial effect on TLE and may provide valuable insights into the role of gut bacteria in epileptogenesis. In addition, the results show that B. longum may be a promising drug for the comprehensive treatment of epilepsy.
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1. Introduction


Temporal lobe epilepsy (TLE) is one of the most common and difficult-to-treat neurological disorders. The global prevalence of epilepsy is approximately 6.38 per 1000 people [1]. This pathology develops spontaneous recurrent seizures (SRSs) associated with neurodegeneration, astrogliosis and microgliosis, and the reorganization of neuronal circuits [2,3,4]. TLE can lead to psychological problems, including impaired memory [5], social interaction [6], anxiety, and depression [7]. Approximately one third of epilepsies remain drug-resistant, despite the availability of a large number of anticonvulsants [8]. At the same time, many antiepileptic drugs have negative side effects, such as dizziness, drowsiness, and slowed thinking [9]. In addition, existing drugs can prevent seizures, but do not prevent epileptogenesis [10]. Taken together, this makes the search for new effective therapies urgent.



In recent years, the role of the gut–brain axis, diet, and gut microbiota in the pathogenesis of neurological and psychiatric disorders [11,12,13,14], including epilepsy [15,16,17,18], has been intensively studied. It has been shown that seizure frequency is increased in patients with a comorbidity of epilepsy and irritable bowel syndrome [19], which is associated with changes in the balance of the gut microbiota [20]. The composition of the gut microbiota changes significantly in patients with pharmacoresistant epilepsy, but not in those with drug-sensitive epilepsy [21]. The former have a significant increase in the species diversity of the microbiota (α-diversity), an increase in the content of rare representatives [22]. In drug-sensitive epilepsy, levels of bifidobacteria and lactobacilli are correlated with seizure frequency, being higher in patients with four or fewer seizures per year than in those with more frequent seizures [23]. Significant changes in the composition of the fecal microbiota in patients with epilepsy have also been shown [22,24,25,26,27]. Alternatively, a significant improvement in the quality of life and reduction in seizure frequency was observed in 28.9% of patients with drug-resistant epilepsy who received a mixture of eight bacterial species [28]. Probiotics can alleviate behavioral disturbances, including anxiety, depressive-like behavior, and cognitive impairment [29], which are common in patients with epilepsy [5,30] and animals in experimental models [31,32,33]. Probiotics reduced seizure severity and partially improved spatial learning and memory in the pentylenetetrazole-induced kindling model in rats [31].



Microbiota may have neuroprotective effects in epilepsy due to its modulatory effects on neuroimmune interactions and neuroinflammation [34], which plays an important role in the pathogenesis of epilepsy [35,36]. Neuroinflammation is mainly associated with the increased activation of microglia and astroglia cells, which produce proinflammatory cytokines, such as interleukin-1β (IL-1β) and others [37]. Proinflammatory cytokine production is increased in the brain in epilepsy cases [38]. The effect of proinflammatory cytokines is limited by anti-inflammatory cytokines, particularly interleukin-1 receptor antagonists (IL-1ra) [39]. The IL-1ra/IL-1β ratio may be one of the physiological mechanisms controlling seizures [40]. It has been suggested that certain probiotics may increase the production of anti-inflammatory cytokines in the brain, thereby mitigating the neural and behavioral effects of neuroinflammation [41].



Another possible mechanism of the neuroprotective action of probiotics is an increase in the expression of peroxisome proliferator-activated receptors (PPARs) in brain cells. PPARs (PPARα, PPARβ/δ, PPARγ) are nuclear transcription factors that regulate the expression of a number of genes involved in carbohydrate and lipid metabolism, the development of inflammatory responses, cell differentiation, and apoptosis [42,43]. These receptors are one of the key links in gut–brain interactions [44,45]. The ligands of these receptors are short-chain fatty acids secreted by the gut microbiota, which play a neuroprotective role in epilepsy cases [46].



As described above, in most of the works, both in animal models and patients with epilepsy, the mixture of several different probiotic bacteria (Bifidobacteria, Lactobacilli, Enterococci, Streptococci, etc.) with the addition of prebiotics is usually used to assess their effects on the course of epilepsy. Among others, probiotic mixtures containing Lactobacillus and Bifidobacterium spp. have been found to have the most pronounced positive effects on the course of epilepsy [47]. However, the question of whether monoprobiotic treatment can influence epileptogenesis remains open. The mechanisms of the neuroprotective effects of probiotics in epilepsy are also poorly understood.



The aim of this work is to investigate the neuroprotective, anti-inflammatory, and behavioral effects of a 30-day treatment with the probiotic B. longum in a lithium-pilocarpine model of TLE. The choice of B. longum as the object of study, among other probiotics used in mixtures, was based on the fact that it is a psychobiotic, i.e., a probiotic with a pronounced effect on the central nervous system. Its effects on stress-related behavior, physiology, and cognitive abilities have been previously demonstrated [48].




2. Results


2.1. Dynamics of Body Weight, Survival, and SRSs


Body weight is an integrative indicator of the health status of experimental animals. The lithium–pilocarpine model is characterized by a significant decrease in body weight after pilocarpine administration, followed by a gradual recovery of body weight, which is quicker in rats with a less severe pathological process. Therefore, we investigated how body weight changes after pilocarpine administration; measurements were taken during the month in which the animals were given the probiotic.



Rats in all four groups did not differ in body weight before pilocarpine injection (a one-way ANOVA: F3,65 = 0.60; p = 0.62). Probiotic administration had no effect on the weight dynamics of the control animals (Appendix A, Figure A1). During the first few days after pilocarpine-induced seizures, TLE animals lost weight, with a maximum reduction of 24.0 ± 1.1% of their initial body weight (Figure 1A). Their body weight began to recover one week after the seizures (F[Time]6,180 = 252; p < 0.0001). The weight of probiotic-treated rats was higher than that of the control animals (Figure 2A, F[BL]1,30 = 4.6; p = 0.04). The differences became more evident after 20 days of treatment, when the cumulative effect of B. longum is likely to be manifested.



At the same time, the use of the probiotic had no effect on the survival rate of the rats (Figure 1B, log-rank Mantel–Cox test—χ2 = 0.08; p = 0.78). The mortality rate was 40% in the TLE + Veh group and 37% in the TLE + BL group (Fisher’s exact test p = 0.52). It should be noted that the main mortality rate was observed in the first days after pilocarpine administration, i.e., before the effects of the probiotic began to show in the body weight dynamics.



At 2 months after pilocarpine administration, SRSs were observed in 47% of untreated and 29% of treated rats within the video recording period (Figure 1C, Fisher’s exact test p = 0.45).




2.2. Probiotic Treatment Reduces Neuronal Loss in the Amygdala, but Not in the Hippocampus or Temporal Neocortex, in Rats with TLE


The lithium–pilocarpine model of TLE is characterized by significant neuronal cell loss in the temporal lobe structures [49,50]. We tested whether probiotic treatment would have a neuroprotective effect. We counted and compared the density of cells in the hippocampus, temporal cortex, and amygdala 30 days after pilocarpine-induced SE in three rat groups (Figure 2). We found neuronal losses in TLE rats in all the brain structures examined. The most dramatic changes (2–4-fold) in the neuronal density between the control and TLE rats were found in the hilus (H = 16.4; p < 0.001) and CA1 regions (H = 15.0; p < 0.001) of the hippocampus and amygdala (H = 13.7; p < 0.001). Some samples contained only a few cells in hippocampal areas. A less pronounced decrease in neuronal density (approximately 25%) was observed in the temporal cortex (H = 10.0; p < 0.01).



The neuroprotective effect of the probiotic was rather weak. We found that probiotic administration attenuated neuronal death in the amygdala (Dunn’s test vs. control, p > 0.05), but did not significantly affect neurodegeneration in the hippocampus and temporal cortex (Figure 2).




2.3. The Expression of Anti-Inflammatory and Neuroprotective Genes in Brain Cells Is Increased after 30 Days of Treatment with B. longum


Given the important role of neuroinflammation in epileptogenesis [38] and the previously demonstrated ability of B. longum to suppress neuroinflammatory processes [51], we examined the expression of proinflammatory and anti-inflammatory cytokine genes (Il1b and Il1rn, respectively) in the brains of TLE and control animals (Figure 3).



A group comparison using the Kruskal–Wallis H-criterion showed that Il1b gene expression was significantly altered in TLE rats in all the examined structures: dorsal hippocampus (H = 19.5; p < 0.01), ventral hippocampus (H = 17.8; p < 0.01), temporal cortex (H = 10.7; p < 0.05), and amygdala (H = 8.5; p < 0.05). However, intergroup comparisons between probiotic untreated control and TLE rats with Dunn’s multiple comparison test showed significant differences only in the ventral (p < 0.01) and dorsal (p < 0.05) parts of hippocampus. Probiotic treatment did not affect the level of Il1b mRNA in the ventral and dorsal parts of hippocampus and amygdala, but attenuated the expression of this gene in the temporal cortex of TLE rats (p < 0.05).



The Kruskal–Wallis test showed that Il1rn mRNA expression was altered in the TLE groups in all brain regions examined: dorsal hippocampus (H = 23.4; p < 0.001), ventral hippocampus (H = 15.2; p < 0.01), temporal cortex (H = 12.7; p < 0.01), and amygdala (H = 12.5; p < 0.05). However, post hoc tests revealed a significant increase in the TLE + Veh group compared to the Ctrl + Veh group, only in the dorsal hippocampus, whereas in the probiotic-treated animals, a significant increase in expression (Ctrl + BL vs. TLE + BL) was observed in all brain structures examined. Thus, the results suggest the ability of probiotics to somewhat limit neuroinflammatory and enhance anti-inflammatory processes in the TLE.



We also tested the hypothesis that the protective and anti-inflammatory effects of the probiotic may be related to its effect on the expression in the brain of neuroprotective PPARs genes, which play an important role in the gut–brain interaction [44].



Ppars gene expression was almost unchanged in epilepsy cases (Figure 4). A two-way ANOVA revealed only a decrease in PPARα (gene—Ppara) expression in the dorsal hippocampus of epileptic rats (F[TLE]1,25 = 12, p < 0.01) and a decreased expression of PPARβ/δ (gene—Ppard) and PPARγ (gene—Pparg) genes in the ventral hippocampus (F[TLE]1,23 = 4.3, p = 0.05 and F[TLE]1,19 = 6.2, p = 0.02, respectively).



Probiotic administration also had almost no effect on Ppar gene expression, except for the Pparg gene in the ventral hippocampus (Figure 4). Its expression was increased in B. longum-treated rats (F[BL]1,19 = 13.3, p < 0.01), and this effect was more pronounced in epileptic animals (TLE + BL group vs. TLE + Veh group, Sidak post hoc test, p < 0.05).




2.4. Probiotic Treatment Does Not Significantly Affect Astrogliosis and Microgliosis in Temporal Lobe Structures in Rats with TLE


Neuroinflammation is associated with the activation of glial cells, primarily microglia and astroglia. In the lithium–pilocarpine rat model of TLE, astrocytes in the hippocampus and temporal cortex are activated, as evidenced by hypertrophy of cell bodies and processes as detected by glial fibrillary acidic protein (GFAP) immunostaining [52,53]. Microgliosis persists for at least 30 days after seizure induction and correlates with local neuronal death in the pilocarpine rodent TLE model [54,55]. It is likely that alterations in glial function may play an important role in epileptogenesis [56,57,58]. Therefore, we tested how probiotic treatment would affect astrogliosis and microgliosis in the hippocampus, temporal cortex, and amygdala. To this end, we first examined the changes in the expression of Aif1 (peptide—IBA1) and Gfap genes as markers of microglial and astrocytic cell activation in our experiment.



Our results show that Gfap and Aif1 mRNA expressions increase in all brain structures of TLE rats (Figure 5). However, the comparison of Ctrl + Veh and TLE + Veh groups showed no significant difference in the temporal cortex. Probiotic treatment not only failed to block this effect, but also caused Gfap and Aif1 to be more upregulated. Therefore, the increased expression of these genes was observed in all brain regions examined in the TLE + BL group compared to the Ctrl + BL group, including the temporal cortex.



These RT-PCR results were confirmed by immunohistochemistry. We observed increased numbers of GFAP-positive cells in the hippocampus and temporal cortex of epileptic rats (Figure 6). The number of astrocytes was significantly higher than in the control group in all regions (CA1 area: 3-fold increase, Dunn’s test, p < 0.001; hilus: 2-fold increase, p < 0.001; temporal cortex: 4-fold increase, p < 0.01). B. longum treatment did not reduce astroglia cell density in the CA1 and temporal cortex. These density values were significantly higher than in the control group (Dunn’s test, p < 0.05). However, in the hilus of probiotic-treated TLE rats, the density of GPAP-positive cells was not significantly different from the controls (p > 0.05).



In the TLE rats, compared to the controls, the density of IBA1-immunopositive cells was increased in the CA1 area, hilus, and temporal cortex (Figure 7). However, when comparing the Ctrl + Veh and TLE + Veh groups, significant changes were only observed in the hippocampus (CA1: 10-fold increase; Games–Howell test, p < 0.01; hilus: 3-fold increase; p < 0.05), but not in the temporal cortex (p > 0.05). Probiotics did not reduce the number of IBA1-immunopositive cells in any of the structures examined; on the contrary, the increase in the number of IBA1-immunopositive cells was more pronounced in the hilus and temporal cortex of B. longum-treated TLE rats (p < 0.01).



Overall, it can be concluded that the probiotic did not block the development of astrogliosis and microgliosis in the rat TLE model.




2.5. Effects of B. longum Treatment on the Behavior of TLE and Control Rats


In this study, we sought to determine whether B. longum alleviates the behavioral deficits characteristic of TLE animals.



2.5.1. Motor Hyperactivity


Hyperactivity is one of the hallmarks of animal behavior in the lithium–pilocarpine model of TLE [59,60]. We assessed the horizontal and vertical activity of the rats in the open field test (OFT), analyzing the length of distance traveled and climbing while exploring a novel space (Figure 8A–D). Horizontal activity increased even more in animals with TLE (Figure 8B). The distance traveled was 2.7 times longer in the TLE + Veh group and 2.2 times higher in the TLE + BL group, compared to the corresponding control (F[TLE]1,62 = 66, p < 0.001). B. longum did not block this hyperactivity (Figure 8A,B; F[BL]1,62 = 0.26; p = 0.61; F[TLE × BL]1,62 = 1.36; p = 0.25).



The number of climbs was more than twice as high in the TLE groups compared to the controls (F[TLE]1,65 = 25.5, p < 0.001). Probiotic administration did not prevent these changes (Figure 8D; F[BL]1,65 = 0.58, p = 0.36; F[TLE × BL]1,65 = 0.001, p = 0.98). Climbing time showed similar differences between the groups (Appendix B, Table A2).



Thus, TLE rats exhibited increased motor activity in the OFT and probiotic treatment did not reduce it.




2.5.2. Anxiety


The level of anxiety was assessed by several parameters obtained in the OFT (Figure 8C,E and Appendix B, Table A2 and Table A3), the elevated plus maze (EPM) (Figure 9A and Appendix B, Table A3), and the social interaction test (SIT) (Figure 10C,D, Table A5). All indicators suggest that the level of anxiety was altered in the TLE rats.



The TLE rats did not avoid open areas; they spent more time in the central part of the OFT (Figure 8C, F[TLE]1,55 = 6.1; p = 0.02). However, no significant differences were observed by the pairwise comparison. Probiotic treatment had no significant effect on this parameter (F[BL]1,55 = 1.3; p = 0.26; F[TLE × BL]1,55 = 0.05; p = 0.82).



In the EPM, almost one third of the TLE animals (5 out of 16) jumped out of the open arms of the maze, which was never observed in the control animals. Some of the probiotic-treated TLE rats (3 out of 17) also jumped out of the open arms. The remaining TLE rats spent more time in the open arms of the maze than the controls (Figure 9A; F[TLE]1,54 = 10.8; p = 0.002). Probiotic treatment had no effect on this parameter (F[BL]1,54 = 2.84; p = 0.10; F[TLE × BL]1,54 = 1.48; p = 0.23).



The change in the level of anxiety was also assessed by self-grooming episodes [61]. We found an increase in the number of self-grooming episodes in TLE rats compared to the controls in the OFT (Figure 8E,H = 8.3; p < 0.05). However, significant differences were observed only between the untreated groups (TLE + Veh vs. Ctrl + Veh); the use of probiotics abolished the difference between the groups.



Similar changes were seen in the SIT (Figure 10C,D, Table A5). Untreated TLE rats showed an increase in total grooming time (F[TLE]1,34 = 13.8; p < 0.001) and an increase in the average duration of grooming episodes (F[TLE]1,32 = 20.24; p < 0.001). No such changes were observed in the treated animals.



Thus, the anxiety level of rats in the TLE model changed and probiotic treatment levels these changes, with the effect lasting for at least one month after treatment.




2.5.3. Depressive-like Behavior


Immobilization time in the forced swim test (FST) was used as an indicator of depressive-like behavior (Figure 9B). TLE increased depressive-like symptoms (F[TLE]1,29 = 6.5, p < 0.05). However, there were no significant differences between the groups. We observed no effect of probiotics on the depressive-like behavior ([BL]1,29 = 0.22; p = 0.64; F[TLE × BL]1,29 = 0.06; p = 0.81).




2.5.4. Memory


We previously observed memory deficits in rats in a lithium–pilocarpine model of TLE [59,60]. This study obtained similar results with the fear conditioning test (FCT). TLE rats showed impairments in their contextual memory (decreased freezing time in the familiar cage compared to the controls; Figure 9C; F[TLE]1,32 = 23.1, p < 0.001) and memory for conditioned stimuli (decreased response to tone in a novel cage, Figure 9D; F[TLE]1,32 = 19.5, p < 0.001). Both untreated and treated TLE rats showed these memory deficits (Table A4). Thus, probiotic treatment had no effect on memory impairment.




2.5.5. Social Behavior


Another behavioral feature observed in TLE rats was the severe impairment of communicative activity in the SIT (F[TLE]1,34 = 6.8, p < 0.01, Figure 10A; Table A5). B. longum treatment was unable to prevent this impairment and a more than 2-fold reduction in communication time was observed in both treated and untreated TLE animals compared to the controls.



The structure of communicative behavior was altered in TLE rats (Figure 10B). Control rats actively sniffed not only the body, but also the genital area of the unfamiliar male. This behavior completely disappeared in untreated TLE rats. It was present in some probiotic-treated TLE animals, perhaps an indication of their more confident behavior.






3. Discussion


In this study, we investigated the effects of a 30-day treatment with probiotic B. longum in a rat model of TLE. In this TLE model, neuronal death, astrogliosis, microgliosis, increased expression of proinflammatory mediators in brain structures, and behavioral disturbances (hyperactivity, social and memory deficits, and changes in anxiety levels) were observed. Probiotic treatment had some beneficial effects in the TLE model. Probiotic treatment (1) promoted the recovery of body weight reduced after pilocarpine-induced epileptic status, (2) suppressed the TLE-induced increase in pro-inflammatory cytokine Il1b gene expression in the temporal cortex and increased the expression of anti-inflammatory cytokine Il1rn in several brain regions studied, (3) reduced neuronal loss in the amygdala, and (4) attenuated TLE-induced anxiety changes in rats. However, the probiotic did not alleviate most of the other negative effects of TLE, such as hyperactivity, depressive-like behavior, impaired social behavior, and memory deficits.



We chose B. longum for this study because of its neuroprotective effects on the nervous system, which have previously been shown in humans with stress and anxiety symptoms [62] and in experimental models of stress and depression [63]. B. longum is a Gram-positive, catalase-negative, bacillus that is normally present in the human gastrointestinal tract, colonizing it as early as infancy [64]. B. longum is also part of the normal gut microbiota of rats [65]; therefore, data from the experimental model we used can be extrapolated to humans.



The reduction in body weight that occurred after pilocarpine-induced seizures may be related, at least in part, to the development of neuroinflammation. It is known that one of the effects of increased levels of proinflammatory cytokines in the blood and brain is the suppression of hunger and reduction in body weight [66,67]. We did not examine the eating behavior of the experimental animals in our work; however, given the anti-inflammatory effects of the probiotic, we can assume that its administration may have a positive effect on food motivation in TLE animals.



In this study, using a lithium–pilocarpine model of TLE, we showed, for the first time, that a 30-day course of B. longum administration reduced the expression of the proinflammatory cytokine IL-1β gene in the temporal cortex and increased the expression of the anti-inflammatory cytokine IL-1rn gene in all the brain structures examined. The possible explanation for why B. longum administration suppresses Il1b gene expression in the temporal cortex but not in the hippocampus may be related to the fact that the hippocampus is the brain structure with the highest density of IL-1 receptors [68]. Proinflammatory cytokines, especially IL-1b, are able to stimulate their own production by binding to their IL-1 receptors [69]. Therefore, when neuroinflammatory processes develop, abnormalities in the hippocampus are often more pronounced than in other areas of the brain.



Thus, B. longum limits neuroinflammatory processes that play an essential role in epileptogenesis [35,36,70,71]. The anti-inflammatory properties of B. longum have previously been shown in inflammatory bowel disease [72] and experimental colitis [73]. Furthermore, the administration of B. longum R0175 in combination with Lactobacillus helveticus R0052 in a model of neuroinflammation induced by the administration of bacterial lipopolysaccharide attenuated the increased gene expression of the proinflammatory cytokines IL-1β and TNF-α in hippocampal cells [74]. The suppression of the increased expression of some pro-inflammatory genes was also observed in a model of Alzheimer’s disease after the administration of Bifidum BGN4 and B. longum BORI [75]. The effect of B. longum on the development of neuroinflammatory processes in the TLE model has not yet been studied.



We also showed that B. longum enhances Pparg gene expression in the ventral hippocampus. PPARs are one of the key links in the interaction between the gut microbiota and brain [44]. They are involved in the regulation of lipid and glucose homeostasis, with PPARα (gene—Ppara) being more involved in fatty acid metabolism and the regulation of lipid levels; PPARβ/δ (gene—Ppard) is involved in fatty acid oxidation in muscles and the regulation of blood cholesterol levels; PPARγ (gene—Pparg) is associated with lipid biosynthesis, adipogenesis, and the regulation of energy balance [76]. PPAR ligands are short-chain fatty acids produced by intestinal microbiota [77]. B. longum, in combination with galacto-oligosaccharide, has been shown to increase the blood levels of short-chain fatty acids [78].



The involvement of PPARs in the regulation of pathological processes in epilepsy has been shown in a number of pharmacological studies using agonists of these receptors. For example, fenofibrate and bezafibrate, PPARα agonists, have been shown to have anticonvulsant properties in pentylenetetrazole and lithium–pilocarpine models of epilepsy [79,80]. The neuroprotective properties of PPARγ agonists have been identified in pentylenetetrazole-induced acute seizure [81] and in a chronic lithium–pilocarpine models [82]. In particular, the use of the PPARγ agonist rosiglitazone in a lithium–pilocarpine model of TLE was found to prevent cognitive impairment, increase antioxidant superoxide dismutase activity in brain cells [83], and reduce the inflammatory response of microglia [84]. Rosiglitazone also suppressed epileptiform discharges in an in vitro model of NMDA receptor-mediated epileptiform activity [85]. PPARγ has also been shown to mediate the anticonvulsant effects of a ketogenic diet, an effective treatment for pharmacoresistant epilepsy [86]. Taken together, these data suggest that the stimulatory effect of B. longum on Pparg gene expression that we identified can be considered as a neuroprotective effect.



Hippocampal sclerosis with neuronal loss and gliosis is characteristic of both patients with TLE [87] and experimental animals in TLE models [60,88]. In TLE models, reactive astrogliosis and microgliosis have also been reported in the piriform cortex [89], amygdala, and entorhinal cortex [90]. We observed similar morphological changes in this study. We hypothesized that the introduction of B. longum might attenuate these abnormalities. This assumption was based on the previous data on the ability of B. longum BORI combined with B. bifidum BGN4 to attenuate neuronal death in an experimental model of Alzheimer’s disease [75]. In addition, the ability of B. longum to inhibit microglial activity in the cerebellum of autistic-like rats was previously demonstrated [51].



In our experiments, B. longum reduced neuronal loss in the amygdala, but had almost no effect on the TLE-induced activation of microglia and astrocytes. Astrocytes and microglia are the major producers of both IL-1β and IL-1rn in the brain. The gene expression of these proteins was affected by the probiotic. The apparent contradiction in these results can be explained by the fact that microglia and astrocytes can be present in one of the alternative states, M1/M2 or A1/A2 (classical and alternative activation). M1 and A1 phenotypes produce pro-inflammatory proteins, while M2 and A2 produce anti-inflammatory proteins and neurotrophic factors [91,92,93]. The activation itself does not indicate the exact state of the micro- and astroglial cells (A1, M1 or A2, M2). Polarization regulation towards anti-inflammatory action may be an option for a therapeutic strategy to treat epilepsy [94]. Our results (B. longum-induced decrease in Il1b gene expression while increasing Il1rn gene expression along with microglia activation, especially in the temporal neocortex) suggest that B. longum may influence glial cell polarization. This assumption needs to be investigated in more detail. Thus, our findings indicate that an administration course of B. longum may have a protective effect on the lithium–pilocarpine model, and this probiotic may be recommended for further experimental and clinical studies as a possible regulator of epileptogenesis.



The attenuation of TLE-induced changes in the anxiety scores in rats by probiotic treatment was demonstrated in the present study using the OFT and SIT. This finding is consistent with the previous reports. A probiotic composition consisting of L. helveticus R0052 and B. longum R0175 reduced anxiety-like behavior in rats and psychological distress (as measured by the HSCL-90 scale) in volunteers [95]. In another experiment, the administration of B. longum 1714 to naturally anxious BALB/c mice reduced anxiety in the tail suspension test [96]. In studies on healthy humans, B. longum 1714 has been shown to reduce the severity of stress responses and to improve hippocampus-dependent visuospatial memory [48].



One of the reasons for the effect of B. longum on TLE-induced impairment of emotional behavior may be the attenuation of neuronal death and increased gene expression of the anti-inflammatory cytokine IL-1 receptor antagonist that we identified in the amygdala, which plays a key role in the regulation of anxiety levels [97]. The effects of B. longum on behavior may be mediated by increased cecal butyrate levels [98], changes in vagal activity [99], and increased synthesis of 5-hydroxytryptamine and brain-derived neurotrophic factor (BDNF) in the brain [98]. In addition, the effect of B. longum CCFM1077 on the levels of quinolinic acid, glutamic acid, and GABA in the brain of autistic-like rats was shown [51].



Overall, this study demonstrated some beneficial effects of the probiotic B. longum on a lithium–pilocarpine model of TLE. This study advances the understanding of the role of the gut microbiota in the pathogenesis of neuropsychiatric disorders, and B. longum appears promising for clinical trials in patients with epilepsy.




4. Materials and Methods


4.1. Animals


Adult 7-week-old Wistar rats were used in this study. Because natural fluctuations in sex hormone levels during the ovarian cycle can affect the memory [100] and anxiety levels [101] of laboratory rodents, as well as interleukin-1 gene expression in their brains [102], the experiments were conducted on males only. The rats were housed four to six per cage at an ambient temperature of 22–25 °C under a 12 h day/night cycle with free access to food and water. All experiments were performed in accordance with the guidelines for handling laboratory animals of the Institute of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences (ethical approval number: 13-k-a, dated 15 February 2018). These guidelines are in accordance with the EU Directive 2010/63/EU on animal experimentation. Efforts were made to minimize animal suffering and to reduce the number of animals used. The design of the study is shown in Figure 11.




4.2. LiCl–Pilocarpine Model of TLE


The LiCl–pilocarpine rat model of TLE was established, as previously described [60,103,104]. Briefly, the rats were injected intraperitoneally (ip) with 127 mg/kg LiCl (Sigma-Aldrich, St. Louis, MO, USA) 24 h before pilocarpine injection. One hour before pilocarpine injection, (-)-scopolamine methyl bromide (1 mg/kg, ip; Sigma-Aldrich) was administered to block peripheral muscarinic receptors. Pilocarpine (Sigma-Aldrich) was administered at a total dose of 20–40 mg/kg (ip, 2 to 4 injections, 10 mg/kg, at 30 min intervals) to achieve stage 4 seizures on the Racine scale [105]. Diazepam (10 mg/kg, ip; Sigma-Aldrich) was administered 75 min after the onset of stage-4 seizures to terminate the seizures. Only rats that developed stage 4 seizures were included in the study. Control animals received the same drugs, except pilocarpine.




4.3. Probiotic Treatment


The control and experimental animals were randomly assigned to four groups: (1) TLE + BL (pilocarpine + probiotic B. longum, n = 16); (2) TLE + Veh (pilocarpine + water; n = 16); (3) Ctrl + BL (control + B. longum; n = 20); and (4) Ctrl + Veh (control + water; n = 18). B. longum (Custom Probiotics Inc., Glendale, CA, USA, 109 CFU/rat, dissolved in 1 mL distilled water) or distilled water (1 mL) was administered once daily by oral gavage for 30 days.




4.4. Survival and Body Weight Dynamics


Survival and body weight dynamics were monitored daily for 1 month after pilocarpine administration. During the first 3 days, after pilocarpine injections, rats were administered a 5% glucose solution (2 mL, subcutaneously, daily) to improve survival outcomes. In addition, glucose injections were continued for several more days if the body weight dynamic was negative. Rats were also given wet chow during the first few days of the experiment.




4.5. mRNA Expression Analysis


The rats were decapitated 30 days after pilocarpine administration. The brain was rapidly removed and frozen at −80 °C. Areas of the dorsal (distance from bregma −2.4–−4.44) and ventral (distance from bregma −4.44–−5.28) parts of hippocampus, as well as the temporal cortex (distance from bregma −2.76–−4.68) and amygdala (distance from bregma −2.04–−3.0) were isolated according to a rat brain atlas [106] as previously described [104] and stored at −20 °C in an OTF5000 cryostat microtome (Bright Instruments, Luton, UK). Total RNA was extracted using ExtractRNA reagent (Evrogen, Moscow, Russia), according to the manufacturer’s instructions. RNA samples were treated with 1 unit of RQ1 DNase (Promega, Madison, WI, USA) for 15 min at 37 °C, followed by precipitation with 8 M LiCl (3 volumes of LiCl to 1 volume of RNA solution) and washed with 75% ethanol. RNA concentration and purity were assessed spectrophotometrically based on absorbance at 260 nm and an absorbance ratio 260/280, respectively, using a Nano Drop ™ Lite spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).



cDNA was synthesized from 1 μg of total RNA with oligo-dT (0.5 μg per 1 μg RNA) and 9-mer random primers (0.25 μg per 1 μg RNA, DNA Sintez Ltd., Moscow, Russia) and 100 units of M-MLV reverse transcriptase (Evrogen, Moscow, Russia) in a total volume of 20 μL, according to the manufacturer’s protocol. All samples were 10-fold diluted before the PCR step. The primers and probes for Gfap, ionized calcium-binding adapter molecule 1 (Aif1), interleukin-1β (Il1b), interleukin-1 receptor antagonist (Il1rn), Ppara, Ppard, and Pparg (see Appendix C, Table A6) were purchased from DNA-Sintez Ltd. (Moscow, Russia). The primer and probe sequences were produced by Primer Blast software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 25 March 2023) against cDNA sequences of Aif1, Il1rn, Ppara, Ppard, Pparg genes obtained from the National Center for Biotechnology Information (NCBI) Ref Seq database. In the cases of designing probes for previously described primer pairs, we used Primer3 Plus software version: 3.3.0 (Whitehead Institute for Biomedical Research, Cambridge, MA, USA), (https://primer3plus.com/cgi-bin/dev/primer3plus.cgi accessed on 25 March 2023), followed by nucleotide BLAST v2.10 specificity checking (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome accessed on 25 March 2023).



The qPCR was performed in a total volume of 6 μL with 0.8 μL of cDNA, 0.75 units of Taq M-polymerase (Alkor Bio, St. Petersburg, Russia), 3.5 mM MgCl2, and specific primers and probes (Table A6). All samples were analyzed in tetraplicates. The qPCR was performed on a C1000 Touch thermal cycler in combination with a CFX384 Touch™ real-time PCR detection system (Bio-Rad, Hercules, CA, USA).



The relative expression of the genes of interest was calculated using the 2−ΔΔCt method, normalized to the geometric mean for the three most stable reference genes in the brain region analyzed, and evaluated as described elsewhere [107]. The expressions of 9 reference genes (Actb, Gapdh, B2m, Rpl13a, Sdha, Ppia, Hprt1, Pgk1, Ywhaz) were tested using 3 triplex assays previously described [108]. Reference genes for the data normalization were selected based on a comprehensive ranking, obtained using the Ref Finder® online tool (https://www.heartcure.com.au/reffinder/ accessed on 25 March 2023), which incorporates GeNorm, Norm Finder, Best Keeper, and comparative delta CT algorithms. For qPCR data normalization, the following reference genes were selected: Hprt1, Pgk1, Ywhaz in the dorsal hippocampus; Actb, Sdha, Hprt1 in the ventral hippocampus; Rpl13, Sdha, Ywhaz in the temporal cortex; and Actb, Rpl13, Pgk1 in amygdala.




4.6. Histological and Immunohistochemical Procedures


The separate group of animals were subjected to the same experimental protocols and sacrificed on day 30 post-SE to assess the histological changes in the temporal lobe.



After decapitation, the brains were rapidly removed and fixed in 10% formalin for 72 h. Paraffin blocks were then prepared and serial sections were created. At least three 3 μm sections between bregma −2.5 and −4.5 mm were obtained for analysis.



For the histological analysis, sections were Nissl-stained and the total neuronal densities in the hippocampal hilus, CA1 region, as well as amygdala and temporal neocortex were counted using ImageJ software, Version 1.53t. The neuronal density (the number of neurons per square millimeter) was manually counted throughout the CA1 region in three non-overlapping areas (×400): from CA2 (characteristic Ammon’s horn cell thickening) to the subiculum (characteristic Ammon’s horn cell dispersion). In the hilus, the neuronal density was counted between the subgranular layer of the dentate gyrus and the beginning of the CA3 region in two non-overlapping areas (×200). In the temporal neocortex and amygdala, two non-overlapping areas (×200) were used for counting in all cases. The density values in all regions were averaged for each animal and then used for the analysis.



Rabbit anti-glial fibrillary acidic protein (GFAP) primary antibody (1:10,000, FineTest, Cat. No. fNab03428) was used for the immunohistochemical identification of astroglia. Rabbit anti-ionized calcium-binding adapter molecule 1 (IBA1) antibody (1:10,000, FineTest, Palm Coast, FL, USA, Cat. No. fNab04096) was used for the analysis of the expression of microglia. UnoVue Mouse/Rabbit HRP Kit (Diagnostics BioSystems, Pleasanton, CA, USA, Cat. No. UMR1000PD) with secondary antibodies and DAB as chromogen was used for visualization. Mayer’s hematoxylin was used for counterstaining. Cell bodies were counted manually in dorsal CA1, the hilus, and temporal neocortex in the same number of areas, as described above, for histology.




4.7. Behavioral Tests


For this study, we chose tests that have previously shown behavioral abnormalities in rats in the TLE model [59,60]. Anxiety tests were also used because of the ability of B. longum to normalize anxiety-like behavior has been previously identified [109]. In total, five behavioral tests were conducted (Figure 11). The order in which the tests were performed was the same for all groups. No more than one test was performed each day. The experimenters evaluating the behavior were not informed about the distribution of the rats into groups.



4.7.1. Open Field Test (OFT)


The diameter of the circular open field was 1 m with a wall height of 30 cm. Illumination was 8 lux. The rat was placed in the center of the arena for 5 min and the behavior was videotaped. The recordings were analyzed offline using “Tracking”, Version 3.2 and “Field 4” Version 4 software (Institute of Experimental Medicine, St. Petersburg, Russia). We evaluated the length of the track and the characteristics of locomotor activity in different areas of the field [110]. To assess the level of anxiety, we analyzed the time spent in the center of the arena (1/2 its diameter). In addition, we considered the timing and number of behavioral patterns: climbing (as an indicator of motor and exploratory activity), self-grooming, rearing, and freezing (as indicators of anxiety level) [110].




4.7.2. Elevated Plus Maze (EPM)


The maze consisted of a central platform (10 × 10 cm) with two open and two closed arms (each 50 × 10 cm) at a height of 40 cm above the floor. The closed arms had 30 cm walls and an opaque cover. Illumination was 1 lux in the closed arms and 40 lux in the open arms. The rat was placed in the center of the maze facing one of the open arms. The test lasted 5 min. The behavior was recorded by webcam. The time spent in the open and closed arms was used to assess the level of anxiety [111].




4.7.3. Social Interaction Test (SIT)


The SIT was used to assess social behavior [112]. The rats were placed in a Plexiglas cage (60 × 30 cm, height = 40 cm) for 30 min prior to the test to reduce anxiety and exploratory behaviors related to the novel environment. An unfamiliar adult intact male Wistar rat was then placed in the same cage for 5 min. The following patterns were recorded and measured: communication (sniffing and grooming of the intruder’s body), aggression, defensive behavior, and noncommunicative behavior. The resident’s self-grooming behavior was analyzed as a measure of the animal’s anxiety.




4.7.4. Forced Swim Test (FST)


The FST was used to analyze depressive-like behavior [113]. We performed two sessions with animals placed in a cylinder (diameter 40 cm, height 70 cm) containing 25 °C water. During the first 15 min adaptation session, no behavior was recorded. The test was repeated 24 h later in a 5 min session. The duration of immobilization was estimated.




4.7.5. Fear Conditioning Test (FCT)


The FCT was used to investigate memory associated with fear and was conducted as previously described [59]. Two Plexiglas cages were used for this test. Cage A (45 × 30 cm, height = 20 cm) had an electrically conductive floor. Cage B was larger (60 × 30 cm, height = 40 cm) and had no conductive floor. On day zero (habituation day), the rat was placed in cage A for 5 min for habituation. On the first day (conditioning day), the rat was placed in the same cage A. After 2 min of habituation (step 1–1), an 80 dB tone (conditioning signal) was delivered for 22 s, accompanied by a mild foot shock (0.6 mA current on the floor, an aversive stimulus) during the last 2 s (step 1–2). After a 2 min break (step 1–3), step 1–2 was repeated (step 1–4), and no tone or aversive stimulus was delivered during the last 1 min of the test (step 1–5). On the second day (test day), the rat was placed in cage A for 3 min (step 2–1) without an electric current or tone to assess the fear responses (contextual conditioning test). The rat was then moved to a larger cage with a new odor (vanillin drops on the floor) and a new interior design (pictures of geometric figures on the walls). The new context was used to assess the associations only with the sound and not with the cage (conditioning test). No stimuli were presented for the first 3 min (step 2–2). An 80 dB tone was then presented for 3 min to assess the fear response to the tone associated with the current (step 2–3). During the last 1 min of the test, the rat was not exposed to any stimuli (phase 2–4). During each phase, the total freezing time was measured and counted as a reflection of the fear response and fear-related memory. The percentage of freezing in all phases of the test was then calculated.





4.8. Evaluation of SRSs


To assess the frequency of SRSs, the rats were housed in individual cages with clear walls, with free access to food and water. The rats were continuously videotaped for 48 h.




4.9. Statistical Analysis


Statistical analysis was performed using IBM SPSS Statistics 20 (IBM, Armonk, NY, USA) and Graph Pad Prism 8 software (Graph Pad Software, San Diego, CA, USA). Outliers were detected using Dixon’s Q-test. Normality of distribution was tested by the Kolmogorov–Smirnov test. The effects of probiotic treatment were performed using two-way ANOVA (for normally distributed data) or Kruskal–Wallis H test (non-normal distribution). Post hoc analysis was performed using Sidak’s or Dunn’s multiple comparison tests, respectively. When one-way ANOVA was used, the Welch test with Games–Howell post hoc test was used for significant differences in the variance between groups. Survival analysis with the log-rank Mantel–Cox test calculation was also used. Differences were considered significant when p ≤ 0.05. The data are presented as mean ± standard error of the mean (normal distribution) or median and interquartile range (non-normal distribution).








Author Contributions


O.E.Z.: conceptualization, methodology, formal analysis, validation, writing—original draft, writing—review and editing, funding acquisition. A.V.D.: investigation, formal analysis, writing—review and editing. A.A.K.: methodology, formal analysis, writing—original draft. A.I.R.: investigation, formal analysis. T.B.M.-K.: conceptualization, methodology, writing—original draft, writing—review and editing, funding acquisition. M.A.K.: investigation, formal analysis. A.V.C.: investigation, formal analysis. A.A.Z.: investigation, formal analysis. S.A.K.: investigation, formal analysis. M.V.Z.: investigation, formal analysis, writing—original draft. M.O.G.: investigation, formal analysis. A.V.Z.: conceptualization, writing—review and editing, supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Russian Science Foundation, Project 23-25-00480 (results shown in Figure 1, Figure 3, Figure 4, Figure 5, Figure 8, Figure 9 and Figure 10) and the Belarusian Republican Foundation for Fundamental Research, Project M20R-328 (results shown in Figure 2, Figure 6 and Figure 7).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Ethics Committee of the Institute of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences (ethical approval number: 13-k-a, dated 15 February 2018).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Molecular biology experiments were performed using the facilities of the Research Resource Centre for physiological, biochemical, and molecular–biological research of the Sechenov Institute of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Ijms 24 08451 g0a1 550] 





Figure A1. Effects of B. longum treatment on body weight dynamics of control rats after administration of B. longum (BL, n = 18) or water (Veh, n = 19). A two-way mixed ANOVA model: F[Time × BL]6210 = 1.17; p = 0.32; F[Time]6210 = 663; p < 0.001; F[BL]1,35 = 0.56; p = 0.81. Data are presented as means and standard errors of the means. 
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Appendix B. Results of Statistical Analysis
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Table A1. Complete results of the statistical analysis for the data shown in Figure 4.
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Structures

	
Factors

	
Ppara

	
Ppard

	
Pparg






	
Dorsal

hippocampus

	
Seizures

	
F1,25 = 11.9, p = 0.002

	
F1,24 = 1.6, p = 0.22

	
F1,24 = 0.0, p = 0.99




	
B. longum

	
F1,25 = 1.3, p = 0.26

	
F1,24 = 1.9, p = 0.18

	
F1,24 = 1.8, p = 0.19




	
Interaction

	
F1,25 = 1.4, p = 0.25

	
F1,24 = 0.03, p = 0.86

	
F1,24 = 0.08, p = 0.73




	
Ventral hippocampus

	
Seizures

	
F1,22 = 0.5, p = 0.49

	
F1,23 = 4.3, p = 0.05

	
F1,19 = 6.2, p = 0.020




	
B. longum

	
F1,22 = 0.04, p = 0.85

	
F1,23 = 0.0, p = 0.94

	
F1,19 = 13.3, p = 0.002




	
Interaction

	
F1,22 = 0.6, p = 0.45

	
F1,23 = 0.0, p = 0.95

	
F1,19 = 1.7, p = 0.21




	
Temporal

cortex

	
Seizures

	
F1,26 = 0.7, p = 0.41

	
F1,27 = 0.6, p = 0.45

	
F1,25 = 0.1, p = 0.77




	
B. longum

	
F1,26 = 0.06, p = 0.81

	
F1,27 = 0.03, p = 0.86

	
F1,25 = 1.8, p = 0.20




	
Interaction

	
F1,26 = 2.1, p = 0.16

	
F1,27 = 0.35, p = 0.56

	
F1,25 = 0.5, p = 0.48




	
Amygdala

	
Seizures

	
F1,25 = 2.1, p = 0.16

	
F1,24 = 0.1, p = 0.70

	
F1,25 = 0.9, p = 0.36




	
B. longum

	
F1,25 = 0.06, p = 0.82

	
F1,24 = 0.8, p = 0.39

	
F1,25 = 2.9, p = 0.10




	
Interaction

	
F1,25 = 0.1, p = 0.79

	
F1,24 = 3.0, p = 0.10

	
F1,25 = 0.8, p = 0.38
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Table A2. Full results of statistical analysis of behavioral indicators in the OFT.
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Indicators

	
Factors




	
TLE

	
B. longum

	
Interaction






	
Climbing time

	
F1,65 = 16.30; p < 0.001

	
F1,65 = 1.33; p = 0.25

	
F1,65 = 0.002; p = 0.96




	
Grooming time

	
F1,61 = 4.45; p = 0.04

	
F1,61 = 0.15; p = 0.69

	
F1,61 = 0.12; p = 0.73




	
Rearing, number *

	
H = 5.2; p = 0.16




	
Rearing, time (s) *

	
H = 2.6; p = 0.46




	
Freezing, time (s) *

	
H = 0.9; p = 0.82








* Data are distributed abnormally.
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Table A3. Full results of statistical analysis for behavioral indicators in EPM and FST.
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Factors




	
TLE

	
B. longum

	
Interaction






	
EPM, time in closed arms

	
F1,54 = 0.11; p = 0.74

	
F1,54 = 10.09; p = 0.30

	
F1,54 = 3.24; p = 0.08




	
EPM, time in open arms

	
F1,54 = 10.77; p = 0.002

	
F1,54 = 2.84; p = 0.10

	
F1,54 = 1.48; p = 0.23




	
EPM, ratio time in open arms/total time in arms *

	
H = 14.1; p = 0.003.




	
FST, time of immobilization, s

	
F1,29 = 6.46; p = 0.02

	
F1,29 = 0.22; p = 0.64

	
F1,29 = 0.06; p = 0.81








* Data are distributed abnormally.
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Table A4. Full results of statistical analysis for behavioral indicators in FCT.
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Factors




	
TLE

	
B. longum

	
Interaction






	
Familiar cage

	
F1,32 = 23.1; p < 0.001

	
F1,32 = 2.7; p = 0.11

	
F1,32 = 0.9; p = 0.34




	
Novel cage, test 1,

time of freezing during adaptation

	
F1,32 = 4.1; p = 0.051

	
F1,32 = 0.9; p = 0.35

	
F1,32 = 1.2; p = 0.28




	
Novel cage, test 2, time of freezing during the conditioned stimulus (sound)

	
F1,32 = 19.5; p < 0.001

	
F1,32 = 0.3; p = 0.59

	
F1,32 = 0.2; p = 0.89




	
Novel cage, test 3, time of freezing after the conditioned stimulus

	
F1,33 = 1.9; p = 0.17

	
F1,33 = 0.01; p = 0.93

	
F1,33 = 0.01; p = 0.96
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Table A5. Full results of statistical analysis for behavioral indicators in SIT.
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Factors




	
TLE

	
B. longum

	
Interaction






	
Time of communication, s

	
F1,34 = 6.80; p = 0.01

	
F1,34 = 1.42; p = 0.24

	
F1,34 = 0.18; p = 0.68




	
Time of self-grooming, s

	
F1,34 = 13.8; p = 0.001

	
F1,34 = 1.35; p = 0.25

	
F1,34 = 2.19; p = 0.15




	
Average time of one

self-grooming, s

	
F1,32 = 20.24; p < 0.001

	
F1,32 = 1.61; p = 0.21

	
F1,32 = 4.33; p = 0.045




	
Number of self-grooming episodes

	
F1,35 = 0.98; p = 0.32

	
F1,35 = 0.10; p = 0.75

	
F1,35 = 0.27; p = 0.61




	
Time of aggressive behavior, s *

	
H = 4.05; p = 0.26








* Data are distributed abnormally.
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Table A6. Nucleotide sequences.
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	Gene Symbol

RefSeq Accession Number
	Nucleotide Sequences

(Forward, Reverse, TaqMan Probe)
	Reference





	Ppara

NM_013196.2
	AATCCACGAAGCCTACCTGA

GTCTTCTCAGCCATGCACAA

FAM-AGGCCCGGGTCATACTCGCAGGAA-BHQ1
	[114] (primers)

This work (probe)



	Ppard

NM_013141.2
	CAAACCCACGGTAAAGGCGG

TGGCTGTTCCATGACTGACC

HEX-CCAGGCCTGCAGGCGCCACGCCA-BHQ2
	This work



	Pparg

NM_013124.3
	CCTGAAGCTCCAAGAATACC

GATGCTTTATCCCCACAGAC

HEX-CCCTCATGGCCATCGAGTGCC-BHQ2
	[115] (primers)

This work (probe)



	Gfap

NM_017009.2
	TGGCCACCAGTAACATGCAA

CAGTTGGCGGCGATAGTCAT

HEX-CGGTCCAAGTTTGCAGACCTCACAG-BHQ2
	[116] (primers)

[60] (probe)



	Il1b

NM_031512
	CACCTCTCAAGCAGAGCACAG

GGGTTCCATGGTGAAGTCAAC

FAM-TGTCCCGACCATTGCTGTTTCCTAG-BHQ1
	[117]



	Aif1

NM_017196.3
	CAACACACTGCAGCCTCATC

AAGCTTTTCCTCCCTGCAAA

Cy5-CCCCACCTAAGGCCACCAGCGTCTGA-BHQ3
	This work



	Il1rn

NM_022194.2
	GGGGACCTTACAGTCACCTAAT

GGTTAGTATCCCAGATTCTGAAGG

ROX-AGTCAGCTGGCCACCCTGCTGGGA-BHQ2
	This work



	Actb

NM_031144
	TGTCACCAACTGGGACGATA

GGGGTGTTGAAGGTCTCAAA

FAM-CGTGTGGCCCCTGAGGAGCAC-BHQ1
	[118] (primers)

[108] (probe)



	Gapdh

NM_017008
	TGCACCACCAACTGCTTAG

GGATGCAGGGATGATGTTC

R6G-ATCACGCCACAGCTTTCCAGAGGG-BHQ2
	[119]



	B2m

NM_012512
	TGCCATTCAGAAAACTCCCC

GAGGAAGTTGGGCTTCCCATT

ROX-ATTCAAGTGTACTCTCGCCATCCACCG-BHQ1
	[120]



	Rpl13a

NM_173340
	GGATCCCTCCACCCTATGACA

CTGGTACTTCCACCCGACCTC

FAM-CTGCCCTCAAGGTTGTGCGGCT-BHQ1
	[121] (primers)

[108] (probe)



	Sdha

NM_130428
	AGACGTTTGACAGGGGAATG

TCATCAATCCGCACCTTGTA

R6G-ACCTGGTGGAGACGCTGGAGCT-BHQ2
	[122] (primers)

[108] (probe)



	Ppia

NM_017101
	AGGATTCATGTGCCAGGGTG

CTCAGTCTTGGCAGTGCAGA

ROX-CACGCCATAATGGCACTGGTGGCA-BHQ1
	[123]



	Hprt1

NM_012583
	TCCTCAGACCGCTTTTCCCGC

TCATCATCACTAATCACGACGCTGG

FAM-CCGACCGGTTCTGTCATGTCGACCCT-BHQ1
	[124] (primers)

[108] (probe)



	Pgk1

NM_053291
	ATGCAAAGACTGGCCAAGCTAC

AGCCACAGCCTCAGCATATTTC

R6G-TGCTGGCTGGATGGGCTTGGA-BHQ2
	[125] (primers)

[108] (probe)



	Ywhaz

NM_013011
	GATGAAGCCATTGCTGAACTTG

GTCTCCTTGGGTATCCGATGTC

ROX-TGAAGAGTCGTACAAAGACAGCACGC-BHQ1
	[125] (primers)

[108] (probe)
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Figure 1. Effects of B. longum treatment on body weight dynamics, survival rate, and spontaneous recurrent seizures (SRSs) of TLE rats. (A) Body weight dynamics of TLE rats with B. longum treatment (BL) and without treatment (Veh). * p < 0.05 post hoc Sidak comparison test. Data are expressed as mean and standard error of the mean. (B) Survival of animals during the 30-day course of administration of probiotic. (C) Percentage of rats with SRSs in groups of treated (TLE + BL) and untreated (TLE + Veh) animals. 
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Figure 2. Effects of 30 days of B. longum (BL) administration on neuronal density in the dorsal hippocampus, temporal cortex, and amygdala. Scale bar = 150 µm. Ctrl—control rats; TLE + Veh—untreated TLE rats; TLE + BL—B. longum-treated TLE rats. Kruskal–Wallis H test followed by Dunn’s multiple comparison test: * p < 0.05; ** p < 0.01, *** p < 0.001. Data are presented as median and interquartile range. Each data point corresponds to a single animal. 
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Figure 3. Effects of 30-day B. longum (BL) treatment on relative Il1b and Il1rn mRNA expressions in the rat brain structures of control (Ctrl) or TLE rats. Kruskal–Wallis H test followed by Dunn’s multiple comparison test: * p < 0.05; ** p < 0.01; ns—not statistically significant. Data are presented as median and interquartile range. Each data point corresponds to a single animal. 






Figure 3. Effects of 30-day B. longum (BL) treatment on relative Il1b and Il1rn mRNA expressions in the rat brain structures of control (Ctrl) or TLE rats. Kruskal–Wallis H test followed by Dunn’s multiple comparison test: * p < 0.05; ** p < 0.01; ns—not statistically significant. Data are presented as median and interquartile range. Each data point corresponds to a single animal.



[image: Ijms 24 08451 g003]







[image: Ijms 24 08451 g004 550] 





Figure 4. The effects of a 30-day course of B. longum (BL) or water (Veh) administration on the relative expression of Ppars genes in rat brain structures of control (Ctrl) and epileptic (TLE) rats. Two-way ANOVA followed by post hoc Sidak test: * p < 0.05. Data are presented as means and standard errors of the mean. Each data point represents the result of a single animal. The full result of the statistical processing can be found in Appendix B (Table A1). 
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Figure 5. The relative Gfap and Aif1 mRNA expressions in the rat brain structures of control (Ctrl) or epilepsy (TLE) groups that received water (Veh) or B. longum (BL). Kruskal–Wallis H test followed by Dunn’s multiple comparison test. Dorsal hippocampus (Gfap—H = 21.9; p < 0.001; Aif1—H = 22.9; p < 0.001), ventral hippocampus (Gfap—H = 18.8; p < 0.001; Aif1—H = 16.0; p < 0.001), temporal cortex (Gfap—H = 15.3; p < 0.001; Aif1—H = 8.0; p < 0.05), and amygdala (Gfap—H = 17.4; p < 0.001; Aif1—H = 18.2; p < 0.001). Dunn’s multiple comparison test: * p < 0.05, ** p < 0.01, *** p < 0.001. Data are presented as median and interquartile range. Each data point represents the result of a single animal. 
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Figure 6. Effects of a 30-day course of B. longum (BL) administration on astroglial density (immunohistochemical staining for GFAP) in CA1, hilus, and temporal cortex. Micrographs were taken from animals with values near the median. Scale bar = 150 µm. Ctrl + Veh—control rats; TLE + Veh—untreated TLE rats; TLE + BL—probiotic-treated TLE rats. Kruskal–Wallis H test: CA1—H = 15.9; p < 0.001; hilus—H = 15.2; p < 0.001; temporal cortex—H = 13.4; p < 0.001. Dunn’s multiple comparison test: ns—not statistically significant, * p < 0.05, ** p < 0.01, *** p < 0.001. Data are presented as median and interquartile range. Each data point represents the result of a single animal. 
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Figure 7. The effects of a 30-day course of B. longum (BL) or water (Veh) administration on the density of microglia (immunohistochemical staining for IBA1) in the CA1, hilus, and temporal cortex. Micrographs were taken from animals with values near the median. Scale bar = 150 µm. Ctrl + Veh—control rats; TLE + Veh—untreated TLE rats; TLE + BL—probiotic-treated TLE rats. Welch’s ANOVA: CA1: F2,8.1 = 20.2; p = 0.001; hilus: F2,7.8 = 17.1; p = 0.001; temporal cortex: F2,9.1 = 70.2; p < 0.001. Games–Howell post hoc test: * p < 0.05, ** p < 0.01. Data are presented as means and standard errors of the mean. Each data point represents the result of a single animal. 
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Figure 8. The effects of a 30-day course of B. longum (BL) or water (Veh) administration on the behavior of control (Ctrl) and TLE rats in the OFT. (A) Track samples; (B) total distance; (C) time in the center; (D) number of climbs. Two-way ANOVA followed by post hoc Sidak test: ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data are presented as means and standard errors of the mean. (E) Number of self-grooming episodes. Kruskal–Wallis H test followed by Dunn’s multiple comparison tests. Data are presented as median and interquartile range. * p < 0.05. Each data point represents the result of a single animal. 
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Figure 9. The effects of a 30-day course of B. longum (BL) or water (Veh) administration on the behavior of control (Ctrl) and TLE rats in the elevated plus maze (EPM), forced swim test (FST), and fear conditioning test (FCT): (A) time in the open arms of the EPM; (B) time of immobilization in the FST; (C) time of freezing in the familiar cage in the FCT; (D) time of freezing in a novel cage during tone presentation. Two-way ANOVA followed by post hoc Sidak test: * p < 0.05, ** p < 0.01. Data are presented as means and standard errors of the mean. Each data point represents the result of a single animal. 
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Figure 10. The effects of a 30-day course of B. longum (BL) or water (Veh) administration on the behavior of control (Ctrl) and TLE rats in the social interaction test (SIT): (A) time of communication; (B) structure of communicative behavior; (C) total time of self-grooming; (D) average time of a self-grooming episode. Two-way ANOVA followed by post hoc Sidak test: * p < 0.05, ** p < 0.01. Data are presented as means and standard errors of the mean. Each data point represents the result of a single animal. 
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Figure 11. The experimental design. 
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