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Gut-brain cholinergic signaling mediates the
antiseizure effects of Bacteroides fragilis
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In brief

Jia et al. show that the antiseizure effects
of Bacteroides fragilis are mediated by
enhanced cholinergic signaling along the
gut-vagus-brain axis and reinforced by
the gut colonization of Lactobacillus.
These findings reveal a microbiota-neural
circuit interaction with translational
implications for pediatric refractory

epilepsy.

® Bacteroides fragilis suppresses seizures via vagal gut-brain
cholinergic signaling

@ It activates colonic ChAT™ cells to enhance acetylcholine-
mediated vagal transmission

® Antiseizure effects associate with enriched intestinal
Lactobacillus colonization

@ A clinical trial confirms antiseizure efficacy in pediatric
refractory epilepsy
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SUMMARY

Gut dysbiosis has been implicated in epilepsy, yet probiotic efficacy and mechanisms remain unclear. Here, we
identify that Bacteroides fragilis (B. fragilis) is markedly reduced in children with epilepsy and show that oral
B. fragilis administration suppresses seizures in both pentylenetetrazole- and kainic-acid-induced mouse
models. Mechanistically, B. fragilis activates colonic choline acetyltransferase-positive (ChAT?) cells and en-
hances gut-vagus-brain cholinergic signaling, as demonstrated by vagal recordings, pharmacological
blockade, and chemogenetic manipulation, identifying a colonic ChAT*-nodose ganglion circuit mediating
seizure suppression. Its antiseizure effects associate with enriched intestinal Lactobacillus colonization. A ran-
domized clinical trial (CHICTR2100042203) further confirms the therapeutic efficacy of B. fragilis in pediatric
refractory epilepsy. These findings define a gut-brain cholinergic pathway through which B. fragilis exerts anti-
seizure effects and establish a mechanistic basis for microbiota-targeted therapies in epilepsy.

INTRODUCTION

Pediatric epilepsy is among the most prevalent neurological
disorders in children, often disrupting development and charac-
terized by recurrent seizures. Approximately 10%-30% of pa-
tients develop refractory epilepsy, underscoring the urgent
need for effective and safe therapeutic interventions.’

The gut microbiota critically modulates host physiology
and behavior across the lifespan.® Increasing evidence links
microbial dysbiosis to neurodevelopmental disorders, including
autism spectrum disorder and pediatric epilepsy.'®~'? Emerging
research from both animal models and clinical cases points
to a potential link between gut dysbiosis and specific forms of
epilepsy.'"'** Non-pharmacological interventions such as
the ketogenic diet (KD) have shown efficacy in managing refrac-
tory epilepsy in children.'® Although studies on microbiota-
based therapies—such as fecal microbiota transplantation,

KD, and probiotics—remain limited, they offer promise, espe-
cially when conventional treatments are ineffective or cause
adverse effects.’>'® Their efficacy, however, depends on the
ecological niche of probiotics within the gut.'®'® Inter-individual
variability in microbiota composition poses a major translational
barrier. While gut microbes clearly influence seizure activity,
the relevance of compositional and functional changes
remains uncertain, as most insights stem from animal studies.
Elucidating how microbiota-driven neural signals—especially
those conveyed via the vagus nerve—impact brain function
may uncover novel therapeutic pathways.

The brain’s cholinergic system regulates neuronal excitability
and synaptic plasticity through acetylcholine receptor (AChR)
subtypes'®?° and plays a key role in epilepsy.”’ A medial
septum-hippocampus cholinergic circuit has been shown to
suppress seizures in both animal models and patients.?? Intesti-
nal cholinergic signaling is equally critical, with cholinergic
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neurons activating calcium currents in epithelial cells to maintain
gut homeostasis, and gut microbes modulate host behavior via
excitatory cholinergic pathways.”*** These findings imply that
gut-microbiota-mediated cholinergic pathways may modulate
neural activity relevant to epilepsy via gut-brain communication.

This study aims to elucidate the mechanisms through which
the microbiome-gut-brain axis mediates probiotic-induced
seizure suppression.>>?® Using pentylenetetrazole (PTZ)- and
kainic-acid (KA)-induced seizure models®”*® in combination
with clinical investigation, we demonstrate that Bacteroides
fragilis (B. fragilis) exerts antiseizure effects by enhancing va-
gus-nerve-mediated cholinergic gut-brain signaling, an effect
supported by a defined colonic choline acetyltransferase-
positive (ChAT") neuronal circuit. Its therapeutic efficacy is
further shaped by ecological interactions with Lactobacillus
and validated in children with refractory epilepsy.

RESULTS

Reduced fecal abundance of B. fragilis in pediatric
epilepsy

Previous research has demonstrated that individuals with epi-
lepsy experience alterations in gut microbiota composition, sug-
gesting that therapeutic strategies targeting the microbiota may
hold promise for epilepsy treatment.'**° To explore the shifts in
intestinal microbiota in children with epilepsy, we performed 16S
rRNA gene sequencing on fecal samples from 114 patients with
newly diagnosed pediatric epilepsy (NDPE) and 63 healthy con-
trols (Figure 1A; Tables S1 and S2). Significant differences in gut
microbiota composition were observed between the NDPE and
control groups (Figures 1B and 1C), with the NDPE group
showing reduced alpha diversity compared with controls
(NDPE: 3.333 + 0.12 vs. control: 3.91 + 0.15; p = 0.004)
(Figure 1D). Notably, the abundance of Bacteroides in the
NDPE group was significantly lower than that of the healthy con-
trols (NDPE: 0.034 = 0.008 vs. control: 0.23 £ 0.017, p < 0.001) at
the genus level (Figure 1E). While other genera, such as Escher-
ichia (NDPE: 0.045 + 0.01 vs. control: 0.04 = 0.01; p = 0.7679),
Prevotella (NDPE: 0.018 + 0.006 vs. control: 0.017 + 0.005; p =
0.9013), and Lactobacillus (NDPE: 0.005 + 0.002 vs. control:
0.0025 + 0.001; p = 0.4092), showed no significant differences,
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the levels of Parabacteroides were notably higher in the control
group (NDPE: 0.0045 + 0.0026 vs. control: 0.012 + 0.0017, p =
0.0343) (Figures 1F-11).

To validate the taxonomic profiles identified by 16S rRNA gene
sequencing in NDPE and to further assess microbial alterations
in children with drug-resistant epilepsy, we performed metage-
nomic sequencing on fecal samples from healthy controls (n =
39) and children with refractory epilepsy (n = 37) (Table S3).
Consistent with the 16S rRNA gene sequencing results, metage-
nomic analysis revealed significant alterations in gut microbial
composition between the two groups (Figures 1J and 1K).
Notably, the abundance of B. fragilis was significantly reduced
in the epilepsy group (0.023 + 0.004) compared with controls
(0.033 + 0.0083; p = 0.032; Figure 1L). No statistically significant
differences were observed in the relative abundance of most
other detected Bacteroides or Lactobacillus species between
the two groups (Figures S1A and S1B). These findings suggest
a potential association between gut microbiota alterations—
particularly the reduced abundance of B. fragilis—and pediatric
epilepsy, consistent with previous research. This observation
underscores the need for further studies to elucidate the
underlying gut-brain-axis-mediated mechanisms. In particular,
the reduction in the levels of B. fragilis in children with refractory
epilepsy provided an indication for interventions targeting the gut
microbiota in pediatric epilepsy.

Antiseizure effect of B. fragilis in mice

Given the potential contribution of reduced Bacteroides
abundance to epilepsy onset, restoring gut microbiota balance
in pediatric patients with epilepsy through the introduction of
Bacteroides may influence disease progression. To examine
the antiseizure effects of Bacteroides, we administered a
commercially available probiotic containing B. fragilis (BF839)
to PTZ-induced epileptic mice. BF839 is a non-toxic strain iso-
lated from healthy infant feces under anaerobic conditions.®*'
Recent studies have highlighted the association between non-
toxigenic B. fragilis and immune system modulation, suggesting
that specific strains could serve as potential probiotics to alle-
viate gut microbial imbalances.*** Therefore, we initially tested
the potential of BF839 as a treatment for pediatric epilepsy in a
mouse model.

Figure 1. Alterations in the fecal microbiota composition of pediatric epilepsy patients, including newly diagnosed and refractory cases

(A) Diagram of the experimental methods.

(B) PCoA of gut microbiota composition at the genus level, based on the weighted UniFrac matrix, comparing healthy children and NDPE patients. Shapes and
colors of the spots represent individual samples. Colored ellipses denote the 95% confidence interval (Cl) ranges within the healthy children and NDPE patients.
C) Relative abundance of gut bacterial phyla in healthy children (n = 63) and NDPE patients (n = 114).

D

(
(D) Shannon a-diversity index of the gut microbiota (unpaired t test).
(E) Relative abundance of Bacteroides (unpaired t test).

(F) Relative abundance of Parabacteroides (unpaired t test).

(G) Relative abundance of Prevotella (unpaired t test).

(H) Relative abundance of Escherichia (unpaired t test).

(I) Relative abundance of Lactobacillus (unpaired t test).

(J) Metagenomic sequencing analysis of gut bacterial phyla in healthy children (n = 39) and patients with refractory epilepsy (n = 37). Relative abundances are

shown for each group.

(K) PCoA of gut microbiota composition at the genus level, based on the weighted UniFrac distance. Each point represents an individual sample; shapes and
colors distinguish healthy and refractory epilepsy groups. Colored ellipses indicate 95% Cls.

(L) Relative abundance of B. fragilis (unpaired t test).
Data are presented as mean + SEM.
See also Figure S1, Tables S1, S2, and S3, and Data S1 and S2.
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The PTZ-induced seizure model, known for its resistance to
several antiseizure medication, has been widely employed for
the evaluation of novel anticonvulsants.?®* In this study, male
C57BL/6 juvenile mice (4 weeks old) were administered BF839
via oral gavage (1 x 10° colony-forming unit [CFU)/day) for
7 days prior to PTZ-induced seizures (Figure 2A). Analysis of
the gut microbiota revealed that Bacteroidota and Firmicutes
were the most dominant phyla in both the saline and PTZ groups
(Figure 2B). A significant reduction in Bacteroides abundance
was observed in the fecal samples of PTZ-treated mice,
compared with those in the saline group (saline: 0.052 + 0.007
vs. PTZ: 0.011 + 0.003; p = 0.0021) (Figure 2C). Statistical
analysis revealed no significant differences in the Shannon
index between the treatment groups (saline: 6.09 + 0.23 vs.
PTZ:6.05+0.13; p =0.8879) (Figure 2D). Subsequent quantifica-
tion of chronic spontaneous convulsive seizures showed that,
compared with the mice in the PTZ group, the mice treated
with BF839 showed a significant reduction in seizure frequency
starting from day 3 after PTZ injection (Figure 2E). Video analysis
further revealed that seizure severity gradually increased in the
PTZ group, while it decreased and stabilized in BF839-treated
mice after the 4th day of PTZ injection (Figure 2F). The mean
seizure score in the BF839 + PTZ group was significantly lower
than in the PTZ group (BF839 + PTZ: 1.71 + 0.10 vs. PTZ:
2.32 £ 0.11; p < 0.001) (Figure 2G).

In the PTZ-induced kindling model, which simulates refractory
temporal lobe epilepsy characterized by abnormal hippocampal
discharges, electroencephalography (EEG) was employed to
assess the effects of BF839 on hippocampal hyperexcitation.*®
Representative EEG patterns in the hippocampus during sei-
zures are shown in Figure 2H, with corresponding spectral ana-
lyses presented in Figure 2I. BF839 treatment significantly
reduced the power spectral density of theta (PTZ: 8,262.89 +
742.69 pV2 vs. BF839 + PTZ: 3,983.34 + 327.44 V2 p =
0.0022), alpha (PTZ: 2,892.20 + 250.90 V2 vs. BF839 + PTZ:
1,229.80 + 138.14 pV? p = 0.0022), and beta (PTZ: 918.74 =
149.55 pV2 vs. BF839 + PTZ: 361.17 + 36.85 pV?; p = 0.0087)
waves while having no significant effect on delta (PTZ:
13,299.31 + 3,398.75 pV? vs. BF839 + PTZ: 12,082.84 =+
3,212.86 pV2; p = 0.8182) wave activity. We further focused on

¢? CellPress

spike-wave discharges (SWDs), a key electrophysiological
hallmark of epileptic seizures characterized by synchronized
neuronal hyperactivity (Figure 2J).*° Compared with the PTZ-
induced untreated group, BF839-treated mice exhibited statisti-
cally significant reductions in both SWD spike density (PTZ:
2.11 + 0.07 vs. BF839 + PTZ: 1.22 + 0.18; p = 0.0043)
(Figure 2K) and spike duration (PTZ: 757.85 + 26.56 s vs.
BF839 + PTZ: 438.067 + 65.40 s; p = 0.0043) (Figure 2L),
indicating a marked attenuation of ictal discharge intensity.
Overexcitability of hippocampal neurons is often accompanied
by morphological abnormalities in dendritic spines.®’ To investi-
gate this, Golgi staining was used to evaluate dendritic spine
density, revealing a significant decrease in spine density in
BF839-treated mice compared with the PTZ group, with no
observed changes in spine length (Figures 2M-20). These out-
comes were further confirmed using recombinant adeno-associ-
ated virus (rAAV)-non-cell-type-specific sparse (NCSP)-YFP-
2ES5 virus labeling of hippocampal dentate gyrus (DG) neurons,
where BF839 treatment similarly reduced dendritic spine density
(PTZ: 2.80 + 0.346 vs. BF839 + PTZ: 1.04 + 0.124; p = 0.0088)
without affecting spine length (PTZ: 2.10 + 0.12 vs. BF839 +
PTZ:2.17 £ 0.097; p = 0.6408) (Figure 2P). Given the link between
dendritic structural abnormalities and the development of
spontaneous recurrent seizures, this result determined the effect
of BF839 on hippocampal spine-dendritic remodeling in
PTZ-induced seizure mice, also suggesting a gut-brain axis
mechanism underlying its antiseizure effect.

To evaluate the modulatory effect of BF839 during PTZ-
induced epileptogenesis, we administered BF839 concurrently
with PTZ kindling for 22 consecutive days and monitored seizure
outcomes longitudinally to determine the onset of its anticonvul-
sant effect (Figure S2A). Notably, BF839-treated mice exhibited
an earlier reduction in seizure severity (day 12: PTZ: 2.65 + 0.36
vs. BF839 + PTZ: 1.79 + 0.24; p = 0.033) followed by a later
decrease in seizure frequency (day 14: PTZ: 3.00 + 0.00 vs.
BF839 + PTZ: 2.00 + 0.26; p = 0.012) compared with the
PTZ-only group, indicating a progressive inhibitory action
during epileptogenesis. Quantitative analyses further confirmed
that BF839 significantly reduced the seizure frequency (PTZ:
2.28 + 0.06 vs. BF839 + PTZ: 1.92 + 0.06; p = 0.0022) and

Figure 2. BF839 reduces PTZ-induced seizures and regulates synaptic activity of hippocampal neurons

A) Experimental procedure timeline.

B) Relative abundance of gut bacterial phyla in saline-treated mice (n = 6) and PTZ-induced epileptic mice (n = 6/group).

C) Relative abundance of Bacteroides (n = 6/group) (Welch’s t test).

D) Shannon a-diversity index of gut microbiota in grouped data (n = 6/group) (Welch’s t test).

F) Mean seizure score per day for each animal after PTZ injections (Mann-Whitney test).
G) Mean seizure scores per day across 12 PTZ injections for each animal (saline, n = 6; PTZ and BF839, n = 15) (unpaired t test).
H) Representative EEG traces and power spectrograms recorded from the hippocampus during seizures in PTZ and BF839 + PTZ groups.

(
(
(
(
(E) Number (no.) of seizures per animal per day in each group following PTZ injections (Mann-Whitney test, “p < 0.05).
(
(
(
(

1) Spectral analysis of hippocampal EEGs during seizures (n = 6/group) (Mann-Whitney test).
(J) Representative EEG recordings from mice in the PTZ and BF839 + PTZ groups following PTZ injection. Blue traces indicate SWDs.

(
(

K) Quantification of spike density in PTZ and BF839 + PTZ groups (n = 6/group) (Mann-Whitney test).
L) Comparison of spike duration during EEG recordings between PTZ and BF839 + PTZ groups (n = 6/group) (Mann-Whitney test).

(M-0) Golgi-stained images of hippocampal dendrites and dendritic spines (M), with quantified spine density (N) and length (O) (n = 10 fields from 6 mice

per group).

(P) Representative images of hippocampal neurons labeled with rAAV-NCSP-YFP-2E5, showing average spine density and spine length per dendritic segment

(n = 8/group) (Mann-Whitney test).

Data are presented as mean + SEM, n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S2 and S3.
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decreased the severity scores per seizure (PTZ: 2.53 = 0.071 vs.
BF839 + PTZ: 1.91 + 0.045; p = 0.0022) in PTZ group
(Figures S2B and S2C). Representative hippocampal EEG
recordings during seizures (Figure S2D), together with spectral
analyses (Figure S2E), demonstrated that BF839 co-administra-
tion markedly suppressed the power spectral density of theta
(PTZ: 7,995.99 + 129.84 pV2 vs. BF839 + PTZ: 3,947.50 =
118.28 pV2; p = 0.0022), alpha (PTZ: 2,666.61 + 129.56 V2 vs.
BF839 + PTZ: 1,468.60 + 31.91 pV? p = 0.0022), and beta
(PTZ: 952.93 + 4957 uV? vs. BF839 + PTZ: 383.99 =
30.78 pVZ p = 0.0022) oscillations. Furthermore, BF839 treat-
ment significantly reduced both the spike density (PTZ: 1.99 +
0.12 vs. BF839 + PTZ: 0.94 + 0.068; p = 0.0022) and the duration
(PTZ: 715.47 + 43.32 s vs. BF839 + PTZ: 338.80 + 24.45 s;
p = 0.0022) of SWDs compared with the PTZ group
(Figures S2F and S2G). Collectively, these findings demonstrate
that BF839 exerts progressive anticonvulsant effects during
PTZ-induced epileptogenesis, first alleviating seizure severity
and subsequently reducing seizure frequency. The combined
behavioral and electrophysiological improvements suggest
that sustained BF839 administration stabilizes neural excitability
and may act through cumulative gut-brain-axis-mediated mech-
anisms to confer seizure protection.

To further validate the sustained inhibitory effects of BF839
in chronic epilepsy, we employed a KA-induced status epilepti-
cus mouse model (Figure S3A). BF839 treatment significantly
reduced seizure duration (KA: 306.67 + 15.58 vs. KA + BF839:
241.33 + 21.04; p = 0.041) and daily seizure frequency (KA:
2.67 + 0.21 vs. KA + BF839: 1.50 + 0.22; p = 0.026) at 12-
14 days post-induction (Figure S3B). Moreover, these anticon-
vulsant effects persisted, as BF839-treated mice maintained
significantly shorter seizure duration (KA: 380.67 + 15.47 vs.
KA + BF839: 231.83 + 17.38; p = 0.0043) and lower daily seizure
frequency (KA: 3.00 = 0.26 vs. KA + BF839: 1.33 £ 0.21; p =
0.0065) at 23-25 days post-induction compared with the KA
group (Figure S3C). Representative hippocampal EEG record-
ings during seizures are shown in Figure S3D, with correspond-
ing spectral analyses in Figure S3E. BF839 treatment robustly
suppressed the power spectral density across delta (KA:
10,720.71 + 490.32 vs. KA + BF839: 6,930.12 =+ 428.65 pV?
p = 0.0022), theta (KA: 8,005.36 + 501.38 vs. KA + BF839:
3,609.97 + 188.99 V% p = 0.0022), alpha (KA: 2,710.22 =
121.86 vs. KA + BF839: 1,424.93 + 63.55 uV?; p = 0.0022), and
beta (KA: 860.92 + 73.62 vs. KA + BF839: 338.57 + 30.42 pV2;
p = 0.0022) frequency bands. Compared with KA-only mice,
BF839 administration markedly reduced SWD spike density
(KA: 1.83 + 0.046 vs. KA + BF839: 0.87 + 0.07; p = 0.0022) and
shortened spike duration (KA: 362.50 + 12.95 vs. KA + BF839:
231.83 + 20.02 s; p = 0.0043) (Figures S3F-S3H), indicating
attenuated ictal discharge intensity. To assess the cellular
correlates of BF839-mediated neuromodulation, we examined
c-Fos immunoreactivity as a marker of neuronal activation. KA
challenge induced pronounced c-Fos expression in hippocam-
pal CA3 (control: 32.67 + 2.46; KA: 87.33 + 3.08; KA + BF839:
43.67 * 4.28; Pcontroi-ka < 0.001; pra-ka + BFssg) < 0.001) and
DG regions (control: 27.50 + 2.86; KA: 59.83 + 3.26; KA +
BF839: 38.67 + 2.19; p < 0.001 for both comparisons), but not
in CA1 (control: 117.67 + 4.22; KA: 131.33 + 6.01; KA + BF839:
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118.67 £ 3.36; Pcontro-ka = 0.129; pra-ka + Bresg) = 0.167)
(Figures S3I-S3L). Collectively, these results demonstrate
that BF839 confers robust and sustained protection in multiple
models of chronic epilepsy.

To explore the role of BF839 in reducing seizures and
determine whether enhancing its ecological niche within the gut
can amplify its antiseizure effects, antibiotics (ABXs) including
vancomycin, streptomycin, neomycin, and gentamicin were
administered for 3 days to deplete the gut microbiota.*® This
was followed by 11 days of intragastric BF839 treatment, which
continued until the end of the experiment, in conjunction
with PTZ-induced seizures (Figure S4A). After the eradication of
bacteria by ABX, the number of daily seizures in the ABX
group decreased compared with the PTZ group, although
the reduction was not statistically significant (Figure S4B). How-
ever, mice receiving BF839 treatment following ABX pretreat-
ment exhibited a significantly greater reduction in daily seizure
frequency compared with both the PTZ and BF839 groups
(Figure S4B). Specifically, the mean number of seizures (ABX +
BF839 + PTZ: 0.68 + 0.085 vs. BF839 + PTZ: 1.29 + 0.16; p =
0.0045) and seizure duration time (ABX + BF839 + PTZ:
332.78 + 36.74 vs. BF839 + PTZ: 464.67 + 42.51 s; p < 0.001) in
the BF839 post-ABX group was significantly lower than in the
BF839 group alone (Figures S4C and S4D). However, there was
no significant difference in seizure latency between the ABX +
BF839 + PTZ group and the BF839 + PTZ group (696.30 +
55.76 vs. 494.90 + 59.86 s; p = 0.1008) (Figure S4E). Additionally,
the BF839 post-ABX group showed a lower seizure score
compared with the BF839 group (ABX + BF839 + PTZ: 1.29 =
0.059 vs. BF839 + PTZ: 1.62 + 0.08; p = 0.0028) (Figures S4F
and S4G). BF839 gavage had no significant effect on body weight
in the mice (Figure S4H). In summary, these findings indicate that
intragastric administration of B. fragilis reduces seizure suscepti-
bility and ameliorates hippocampal neuronal hyperexcitability in
epilepsy models, as supported by EEG spectral features and
restoration of dendritic spine morphology.

Antiseizure effects of BF839 mediated by the vagal gut-
brain neural signals

The vagus nerve plays a critical role in relaying metabolic
signals between the gastrointestinal tract and the brain.*® Given
that vagus nerve stimulation (VNS) is a common clinical interven-
tion for refractory epilepsy, this highlights the strong connection
between vagus nerve activity and epilepsy.*®™*? To verify the
potential role of vagus nerve activity in the antiseizure effects
mediated by the gut-brain axis through BF839, spontaneous
vagal nerve activity was recorded in awake mice through vagus
nerve electroneurogram recording (Figure 3A).*® To avoid move-
ment interference, vagal ganglion activity was also recorded and
measured in anesthetized mice during mechanical stimulation
and intraluminal perfusion of BF839 in the colon (Figures S4l-
S4K). Vagal nerve activities were recorded across all experi-
mental groups prior to PTZ injection using the Apollo noise
reduction system (Figure 3A). The vagal nerve activity is
illustrated in Figure 3B, with firing rate analysis showing that
BF839 treatment significantly enhanced vagal nerve activity
compared with the saline (BF839 + PTZ: 24.23 + 2.50 vs. saline:
8.39 + 0.89; p < 0.001) and PTZ (BF839 + PTZ: 24.23 + 2.50 vs.
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Figure 3. BF839 enhances the antiseizure effect of VNS by activating the cervical NG, while unilateral vagotomy reduces its therapeutic effect
(A) Schematic diagram of experimental mice showing electroneurogram recording from the left vagus nerve.

(B) Electroneurogram recording of the left vagus nerve prior to the 12th PTZ injection (normalized average vagal firing rate compared with saline).

(C) Analysis of vagus nerve firing rate from electroneurogram recordings before PTZ injection (n = 6/group) (ordinary one-way ANOVA).

(D) Electroneurogram recording of vagus nerve activity during seizures.

(E) Analysis of vagus nerve firing rate during seizures (n = 6/group) (Mann-Whitney test).

(legend continued on next page)
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PTZ: 11.71 £ 2.04; p = 0.001) groups (Figure 3C). After PTZ
injection, BF839-treated mice continued to exhibit higher neural
activity in the nodose (vagal) ganglia compared with the PTZ
group (BF839 + PTZ: 24.47 + 1.71 vs. PTZ: 18.66 + 1.26; p =
0.026) (Figures 3D and 3E).

A comparison of vagal nerve activity pre- and post-PTZ
injection within each group revealed a significant increase in
the PTZ group, whereas the BF839 group showed a more mod-
erate elevation, indicating that BF839 enhances vagal nerve
activity, though this effect may plateau at a certain threshold
(Figure 3F). To further elucidate the role of the vagus nerve in
seizure attenuation, micro-cuff electrodes were used to stimu-
late the vagal ganglia following PTZ injection, as described in a
prior study (Figure 3G).** At the final PTZ injection, mice in the
BF839 + PTZ (1.50 + 0.34; p = 0.0258) and VNS + BF839 +
PTZ (1.33 £ 0.33; p = 0.011) groups exhibited significantly fewer
seizures compared with the PTZ group (2.83 + 0.17) (Figure 3H).
However, VNS alone did not result in a significant reduction in
seizure numbers compared with the PTZ group (VNS + PTZ:
1.67 £ 0.33 vs. PTZ: 2.83 + 0.17; p = 0.0581) (Figure 3H). The
latency to seizure onset was significantly increased in the
BF839 + PTZ (537.00 + 65.69 s; p = 0.039), VNS + PTZ
(495.83 + 71.08 s; p = 0.0128), and VNS + BF839 + PTZ (853 +
45.34 s; p < 0.001) groups compared with the PTZ group
(226.50 + 29.25 s) (Figure 3l), with the combination of VNS and
BF839 showing the most prolonged seizure onset. Similarly,
the VNS + BF839 + PTZ group (223.67 + 36.90 s) exhibited a
shorter seizure duration compared with the PTZ (759.50 =
53.67 s; p < 0.001), BF839 + PTZ (415.17 = 38.11 s; p =
0.0381), and VNS + PTZ (476.17 + 53.34 s; p = 0.0049) groups
(Figure 3J). Furthermore, the VNS + BF839 + PTZ group showed
a significantly lower mean seizure score compared with the PTZ
group (VNS + BF839 + PTZ: 1.11 + 0.11 vs. PTZ: 2.72 + 0.18;
p < 0.001), although no marked differences were found when
compared with the BF839 + PTZ (1.33 + 0.17; p = 0.9039) and
VNS + PTZ (1.42 + 0.20; p = 0.3946) groups (Figure 3K). These
findings indicate that while acute VNS alone exerted limited
efficacy, its combination with BF839 produced a synergistic
antiseizure effect, underscoring the promise of personalized
probiotic-neural interventions optimized to individual vagal
responsiveness and microbial colonization capacity in refractory
epilepsy.

To further validate the role of VNS in the seizure-suppressive
effects of BF839, we examined the effect of BF839 on seizure

Neuron

severity in PTZ-induced mice following left cervical vagotomy
(LCV). This procedure, involving the resection and cauterization
of all afferent and efferent left cervical vagal fibers, effectively
eliminated vagal neurotransmission (Figure 3L). Results demon-
strated that LCV significantly increased the number of seizures in
BF839-treated mice compared with those without LCV (LCV:
2.13 + 0.12 vs. non-LCV: 1.25 + 0.18; p = 0.0027) (Figures 3M
and 3N). However, PTZ-induced mice with and without LCV
had comparable seizure frequencies (LCV: 2.47 + 0.14 vs. non-
LCV: 2.03 + 0.15; p = 0.2438) (Figures 3M and 3N). Seizure
latency was also shortened in both BF839-treated (253.67 +
15.57 s; p < 0.001) and PTZ-induced (194.50 + 21.03 s; p =
0.018) mice post-LCV compared with those without LCV
(498.20 + 27.72 s) (Figure 30). In contrast, seizure duration
was prolonged in BF839-treated mice after LCV (680.11 =
40.97 s) relative to BF839-only treated mice (463.9 + 48.76 s;
p = 0.0083), with no significant difference in duration between
LCV (746.00 + 26.72 s; p = 0.196) and non-LCV (613.80 +
52.08 s; p =0.756) PTZ-induced mice (Figure 3P). LCV also exac-
erbated seizure severity in the BF839 + PTZ group (LCV: 2.04 +
0.10 vs. non-LCV: 1.42 + 0.07; p < 0.001), while no significant
difference in seizure severity was observed in the PTZ group
(LCV: 2,55 = 0.12 vs. non-LCV: 2.21 + 0.11; p = 0.0977)
(Figures 3Q and 3R). These results demonstrate that LCV
significantly attenuates the anticonvulsant effects of BF839,
highlighting the vagus nerve’s critical role in the gut-brain
signaling pathway mediated by BF839.

BF839 enhances the gut-brain ACh signaling

Based on the above results that demonstrate the crucial role
of neural pathways in the gut-brain axis mechanism of BF839’s
antiseizure effect, we next performed targeted metabolomic
profiling of neurotransmitters and neuromodulators in colonic tis-
sues to identify probiotic-dependent neuroactive metabolites
potentially associated with seizure modulation. Forty neuroactive
compounds were quantified, revealing significant differences
between the PTZ and BF839-treated groups (Figure 4A). Notable
alterations in choline metabolites were observed, suggesting
that the effects of BF839 may involve modulation of cholinergic
neurotransmission in the colon (Figures 4A and 4B). Other neuro-
transmitters linked to epilepsy, such as 4-aminobutyric acid
(GABA) (PTZ: 1.00 + 0.09 vs. BF839: 1.50 + 0.19; p = 0.132) and
glutamine (PTZ: 1.00 = 0.18 vs. BF839 + PTZ: 0.71 + 0.06; p =
0.309), showed no significant differences (Figures S5A and

(F) Comparison of vagus nerve firing rates before and after PTZ injection in mice with and without BF839 treatment (n = 6/group) (Mann-Whitney test).

(G) Schematic diagram of experimental mice with VNS.

(H) Mean number of seizures observed during the last PTZ injection for each group (n = 6/group) (ordinary one-way ANOVA).
(I) Seizure latency at the last PTZ injection (n = 6/group) (ordinary one-way ANOVA).

(J) Seizure duration (dur.) at the last PTZ injection (n = 6/group) (ordinary one-way ANOVA).

(K) Mean seizure score during the last PTZ injection for each group (n = 6/group) (ordinary one-way ANOVA).

(L) Schematic representation of an experimental mouse with LCV.

(M) Number of seizures per animal per day in each group following PTZ injections (ordinary one-way ANOVA).

(N) Mean number of seizures per animal per day after PTZ injections (n = 8-10/group) (ordinary one-way ANOVA).

(O) Seizure latency at the last PTZ injection (n = 8-10/group) (ordinary one-way ANOVA).

(P) Seizure duration at the last PTZ injection (n = 8-10/group) (ordinary one-way ANOVA).

(Q) Seizure scores per day for each group following PTZ injections (‘o < 0.05, ordinary one-way ANOVA).

(R) Mean seizure score per day per animal across 12 PTZ injections (n = 8-10/group) (ordinary one-way ANOVA). Data are presented as mean + SEM.

See also Figure S4.
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S5B). It is worth noting that choline levels, which are highly asso-
ciated with epilepsy and involved in the gut-brain metabolic cross-
talk,?*%5% exhibited significant differences between the PTZ
and BF839 + PTZ (PTZ: 1 + 0.18 vs. BF839 + PTZ: 1.94 + 0.17;
p = 0.0043) groups (Figure 4C). Given that BF839 mediates its
antiseizure effects through vagal gut-brain neural signaling, and
previous studies have shown that intestinal cholinergic pathways
are modulated by the gut microbiota,?**” we next investigated
whether the colonic ChAT-mediated gut-brain axis contributes
to the antiseizure effects of B. fragilis.

We next sought to assess how BF839 modulates intestinal
ChAT signaling in the PTZ model. In our study, the number of
ChAT" cells in the colon of PTZ-induced mice was significantly
lower than that observed in the saline group (PTZ: 23.50 + 2.29
vs. saline: 33.6 + 2.52; p = 0.04) (Figure 4D). Notably, the admin-
istration of BF839 to PTZ-induced mice (49.50 + 4.36; p =0.002)
resulted in a marked increase in ChAT"' cells (Figure 4D),
suggesting a modulation of intestinal ChAT metabolism in the
PTZ model. Furthermore, high-performance liquid chromatog-
raphy (HPLC) demonstrated elevated choline levels in the
nodose ganglion (NG) of BF839-treated mice, in contrast to
the PTZ group (BF839 + PTZ: 4.70 + 0.46 vs. PTZ: 1 = 0.32;
p = 0.0043) (Figure 4E). Immunostaining for phosphorylated
extracellular signal-regulated kinase (pERK-1), a marker of
neuronal activation in the NG,"® revealed a significantly higher
proportion of activated cells in the BF839-treated group
compared with both the saline (BF839 + PTZ: 0.078 + 0.007,
saline: 0.059 + 0.004; p = 0.0156) and PTZ (PTZ: 0.062 +
0.003; p = 0.0156) groups (Figures S5C and S5D).

Following the identification of the role of BF839 in modulating
ChAT expression in the colon and vagal ganglia, subsequent
analyses explored whether BF839 could influence hippocam-
pal neuronal activity and neurotransmitter levels via the gut-
brain axis. HPLC was employed to compare the expression
levels of key epilepsy-related molecules in the hippocampus
and sera of mice treated with PTZ alone or BF839 and PTZ.
The results demonstrated that BF839 treatment led to a signif-
icant increase in choline and GABA levels in the hippocampus
(choline: 1.97 + 0.19; GABA: 1.59 + 0.11) compared with the
PTZ group (choline: 1.00 + 0.12, p = 0.0022; GABA: 1.00 =
0.07, p = 0.0043), with no significant changes detected in serum
(Figures 4F, 4G, S5E, and S5F). These findings implicate the
role of vagus nerve in mediating BF839’s effects via gut-brain
neural pathways.

Neuron

Structural basis of colonic ChAT"* cell-NG connectivity
underlying BF839-mediated gut-brain signaling

To further clarify that BF839-activated neural signaling within
the gut-brain axis is specifically mediated by ChAT, the capacity
of ChAT* cells in the intestine to transmit signals to the brain
via the vagus nerve was investigated. Although the proximal
small intestine is densely innervated by the vagus nerve, as
previously reported, we focused our analysis on the colon due
to the pronounced microbial density gradient along the gastroin-
testinal tract.**°° The colon harbors the highest bacterial load —
including abundant commensals such as Bacteroides and
Lactobacillus—and serves as one of the key sites for host-
microbiota interactions. This regional specificity supports a
potential mechanistic link between microbial signals and
vagus-nerve-mediated gut-brain communication. Consistent
with this focus, fecal samples—reflective primarily of colonic
luminal communities—were used for microbiota profiling.>' We
first sought to obtain a comprehensive cellular distribution
profile of ChAT in mouse colonic epithelial cells by re-analyzing
the published single-cell RNA sequencing dataset generated
in previous work.°>*® The data demonstrate that ChAT is
predominantly expressed in colonic tuft cells, consistent with
previous reports showing that these cells are specialized to
sense intraluminal cues, display neuroendocrine features, and
serve as a source of cholinergic output (Figures S6A and
S6B).*”>* We further identified robust expression of several
AChRs, including Chrm1, Chrm2, Chrna4, Chrnb2, Chrnb3,
Chrna6, Chrna5, Chrna3, and Chrnb4, in the NG neurons by
re-analyzing the single-cell sequencing data of the vagal gan-
glion complex from the existing report (Figure S6C).°° These
data indicated that the ChAT-specific signals elicited by BF839
in the colon could be transmitted synaptically from the colonic
epithelium to the vagal ganglion, which functions as a relay
for gut-brain neural signals in response to BF839, although the
colon was shown to have local expression of several AChRs
(Figures S6D-S6H). Based on these observations, it was hypoth-
esized that ChAT" tuft cells, similar to intestinal neuropod cells,
may form synaptic connections from the colon to the vagus
nerve,”®°® enabling the transmission of colonic signals of
BF839 through AChRs located on the vagus nerve (Figure 4H).
Furthermore, co-labeling experiments using anti-ChAT and
anti-synapsin-1 antibodies demonstrated that ChAT-expressing
tuft cells were co-localized with the presynaptic protein
synapsin-1 (Figure 4l), confirming the synaptic characteristics

(B) Neurotransmitter profiles identified by random forest analysis of targeted metabolomics, showing differentially expressed neurotransmitters in the colon of

PTZ-treated mice with and without BF839 treatment (Mann-Whitney test).

(C) Choline levels in the colon of mice from PTZ and BF839 + PTZ groups (n = 6/group) (Mann-Whitney test).

(D) Representative immunofluorescence images of ChAT in the colon, along with quantification of ChAT* (green) cells (n = 6/group) (ordinary one-way ANOVA).
(E) Choline levels in the cervical NGs assessed using HPLC (Mann-Whitney test).

(F and G) Levels of choline (F) and GABA (G) in the hippocampus assessed using HPLC (n = 6/group) (Mann-Whitney test).

(H) Schematic diagram illustrating synaptic transmission in cholinergic tuft cells.

(I) Representative immunofluorescence images of ChAT* (purple) cells co-localized with the presynaptic marker synapsin-1 (green) at 63 x magnification (n = 3
mice, 10 cells per mouse).

(J) Immunostaining and localization of ChAT* cells and PGP9.5 (a neural/nerve sheath marker) in the mouse colon (n = 6/group).

(K and L) PRV-CAG-EGFP was injected into the colon, with subsequent signal detection in the nucleus of the tractus solitarius (NTS).

(M) The left NG (L-NG) was injected with AAV9-Retro-CAG-EGFP and co-stained with ChAT in the colon. Scale bars represent 50 um. DAPI was used for nuclear
staining. Data are presented as mean + SEM. DMV, dorsal motor nucleus of vagus.

See also Figures S5 and S6.
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of ChAT" epithelial tuft cells in the colon. Additional co-immuno-
staining of the pan-neuronal marker protein gene product 9.5
(PGP9.5) and ChAT at the colonic epithelium corroborated these
results (Figure 4J), suggesting that ChAT-secreting cells may
detect probiotic signals and relay them to the brain via vagal
transmission.

To further elucidate the gut-brain neural circuit and determine
whether ChAT-expressing cells in the colon are associated
with the nervous system and transmit intestinal signals to the
central nervous system, we injected pseudorabies virus (PRV)-
cytomegalovirus early enhancer/chicken p-actin (CAG)-EGFP
into the proximal region of the colon (Figure 4K), and subsequent
brain dissections were conducted to track the fluorescence
signal. Our observation indicated that the PRV-CAG-EGFP
signal was abundantly expressed in the nucleus tractus solitarius
(NTS) (Figure 4L), confirming the neural connection between NTS
and colon. This implies that probiotic-induced visceral signals
from the gut can activate neurons in the NTS through the vagus
nerve and efficiently travel to the brain. We further examine the
potential mediation of ChAT signaling through the vagus nerve,
an initial investigation focused on whether NG nerve fibers proj-
ect to the colon and establish connections with ChAT* cells. To
confirm this, AAV9-Retro-CAG-EGFP was injected into the NG
(Figures 4M and S6l). Retrograde tracing of vagal nerve fibers
labeled with AAV9-Retro-CAG-EGFP, followed by co-staining
with ChAT" cells in the colon, enabled detailed three-dimen-
sional reconstruction analysis using Imaris viewer software
(Figure 4M; Video S1). This analysis revealed that vagal sensory
fibers and ChAT* cells in the colon are within a short distance of
each other, suggesting that NGs projecting into the colon may
have established significant connections with ChAT* cells to
sense and transmit a variety of stimulus signals from BF839.

Chemogenetic manipulation identifies a colonic ChAT*
cell-NG circuit mediating BF839-induced seizure
suppression

To directly test whether cholinergic signaling from colonic cells to
NG contributes to BF839-mediated seizure protection, we em-
ployed a combinatorial viral strategy to selectively trace and
manipulate the colonic ChAT*-vagal afferent circuit (Figures 5A
and 5B). Retrograde labeling was achieved by co-injecting

Neuron

RV-EnvA-AG-mCherry-Cre with helper viruses (AAV-hSyn-TVA
and AAV-hSyn-N2cG) into the left cervical vagus trunk, while
colonic ChAT™* cells were transduced with either a Cre-dependent
excitatory DREADD (AAV-ChAT-DIO-hM3Dg-EGFP), a pro-
apoptotic construct (AAV-ChAT-DIO-taCasp3-TEVp-EGFP),>® or
a control vector (AAV-ChAT-DIO-EGFP). This approach enabled
both anatomical definition and functional perturbation of the
colonic ChAT* projections to the NG. By combining retrograde
tracing with AAV and rabies virus (RV) vectors and ChAT immuno-
fluorescence co-labeling, we identified co-localization between
colonic ChAT* cells and retrogradely labeled NG neurons, thereby
confirming a direct neural signaling pathway from colonic ChAT*
cells to the NG (Figure 5C). Quantitative analysis further demon-
strated that AAV-transduced neuronal somata represented
29.22% =+ 7.60% of the total population of intestinal ChAT" cells
(Figure 5C). Chemogenetic activation of colonic ChAT" cells in
the PTZ seizure model significantly decreased seizure frequency
upon deschloroclozapine (DCZ) administration (hM3Dqg + PTZ:
1.67 £ 0.15 vs. EGFP + PTZ: 2.83 + 0.11; p = 0.005). Conversely,
ablating these neurons markedly blunted BF839’s protective
effect (taCasp3 + BF839 + PTZ: 2.94 + 0.06 vs. EGFP + BF839 +
PTZ: 1.33 = 0.38; p < 0.001) (Figure 5D). While activation alone
recapitulated BF839’'s effect, the combination of BF839
with chemogenetic activation produced a synergistic reduction
in seizure severity ((M3Dq + BF839 + PTZ: 1.53 + 0.13 vs.
BF839 + PTZ:2.35 +0.16; p < 0.001) (Figure 5E). These data estab-
lish both the sufficiency and necessity of the colonic ChAT*—>NG
projection in mediating the antiepileptic action of BF839. Electro-
physiological recordings further demonstrated that vagal firing
was enhanced by either BF839 (hM3Dq + BF839 + PTZ: 11.90 +
0.42 vs. BF839 + PTZ: 6.44 + 0.15; p < 0.001) or activation of
ChAT" cells (hM3Dq + BF839 + PTZ: 11.90 = 0.42 vs. hM3Dq +
PTZ: 10.42 + 0.30; p = 0.008) and was most pronounced when
the two interventions were combined (Figure 5F). Ablation of
ChAT" cells abolished BF839-induced vagal activation (taCasp3 +
BF839 + PTZ: 3.75 + 0.14 vs. BF839 + PTZ: 6.44 + 0.15; p < 0.001)
(Figure 5F). To determine whether colonic neural activation or
ablation per se affects baseline vagal activity, we recorded NG
firing prior to PTZ and DCZ administration. The taCasp3 group ex-
hibited a significantly reduced basal firing rate compared with con-
trols (taCasp3: 3.57 + 0.12 vs. control: 4.50 + 0.24, p = 0.023),

Figure 5. Activation of the gut-vagal cholinergic pathway suppresses epileptic seizures and reduces hippocampal neuronal excitability

(A) Schematic of the experimental design.
(B) Experimental timeline.

(C) Retrograde viral tracing combined with ChAT immunofluorescence in colonic regions. Cre-dependent expression of ChAT-EGFP (green) and RV-EnvA-AG-
mCherry-Cre (red) was used together with ChAT antibody fluorescence (cyan) to identify cholinergic cells and their projections. Quantitative analysis showed that
AAV*/ChAT* neurons accounted for 29.2% =+ 7.6% of the total ChAT* population (n = 3 mice). Scale bars, 50 pm.

(D) Seizure frequency per animal per day (left) and mean daily seizure frequency per group (right) following 12 PTZ injections (n = 6/group).

(E) Seizure severity scores per day (left) and mean seizure score per group (right) following 12 PTZ injections (n = 6/group).

(F) Electroneurogram recordings of the left vagus nerve after DCZ injection (normalized average firing rate relative to saline) and analysis of vagal firing during

seizures (ordinary one-way ANOVA).

(G) Representative NTS sections from PTZ-treated mice labeled with c-Fos (n = 6/group). Brown punctate signals mean c-Fos activity. Scale bars, 200 pm.
(H) Quantification of c-Fos™ cells per unit area in SolM, SollM, and SolDL (n = 6/group; ordinary one-way ANOVA).
() Representative hippocampal sections from PTZ-treated mice labeled with c-Fos (n = 6/group). Scale bars, 500 pm. Insets show magnified images of CA3 and

DG regions. Brown punctate signals mean c-Fos activity (scale bars, 50 um).

(J) Quantification of c-Fos™ cells per unit area in CA3 and DG (n = 6/group; ordinary one-way ANOVA). Data are presented as mean + SEM. **p < 0.01, **p < 0.001,

n.s., not significant (p > 0.05).
See also Figure S7.
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whereas the hM3Dq group showed no significant difference
(4.12 + 0.27, p = 0.47) (Figures S7A and S7B). Consistently, c-
Fos mapping revealed increased neuronal activity in the medial
(SolM) and intermediate (SollM) subregions of the NTS following
either BF839 administration or activation of ChAT* cells, with a
synergistic enhancement observed upon their combination—re-
gions known to serve as key hubs for vagal input® (SolM: EGFP +
BF839 + PTZ, 28.00 + 1.46; hM3Dq + PTZ, 30.00 + 1.69; hM3Dq +
BF839 + PTZ, 41.17 + 0.87; pGFp + BF839 + PT2)-(hM3Dq + BF839 + PTZ)
< 0.001; pm3Dq + PT2)-(M3Dq + BFeae + pTz) < 0.001; SollM: EGFP +
BF839 + PTZ, 26.50 + 1.31; hM3Dq + PTZ, 30.33 + 1.72; hM3Dq +
BF839 + PTZ, 39.67 + 1.54; peGFp + BF839 + PT2)-(hM3Dq + BF839 + PTZ)

< 0.001; pmapg + PTZ)-(M3Dq + BFssg + PTz) < 0.001) (Figures 5G
and 5H). In contrast, no significant changes were observed in

the dorsolateral subregion (SolDL) (Figure 5H). Importantly,
hippocampal activity in canonical seizure foci—CA3 (EGFP +
BF839 + PTZ: 41.50 = 1.18 or hM3Dq + PTZ: 43.17+ 1.42 vs.
hMSDq + BF839 + PTZ: 25.70 = 1.30; PEGFP + BF839 + PTZ)-
(hM3Dq + BF839 + PT12) < 0.001; Pmapg + PTZ)-(hM3Dq + BF839 + PTz) <
0.001) and DG (EGFP + BF839 + PTZ: 35.83 + 2.15 or
hM3Dq + PTZ: 38.50 + 2.28 vs. hM3Dq + BF839 + PTZ:
16.83 + 1.82; PEGFP + BF839 + PTZ)-(hM3Dq + BFs39 + P1z) < 0.001;
P(nM3Dg + PT2)-(hM3Dq + BFeag + prz) < 0.001)—was robustly sup-
pressed by either intervention, with the strongest inhibition
observed in the combined group (Figures 51 and 5J). Together,
these results provide direct circuit-level evidence that colonic
ChAT" cells mediate BF839-induced cholinergic signals via the va-
gus nerve to the NTS, thereby attenuating hippocampal hyperex-
citability and reducing seizure activity. This establishes the colonic
ChAT*-vagus afferent pathway as a critical pathway for gut-brain
signaling in BF839’s role in seizure protection.

Next, we sought to conduct the functional verification on
the vagal gut-brain axis mediated by ACh signals. Vagus nerve
electroneurogram recording were used to assess whether
colonic infusion of ACh or BF839 in anesthetized mice could
elicit a vagal response (Figure S7C). To minimize potential
confounding effects of isoflurane on vagal nerve activity, all re-
cordings were conducted under a standardized anesthetic pro-
tocol using 1.75% isoflurane in 100% oxygen throughout the
procedure.®’ The data indicated that both ACh (ACh: 5.09 +
0.11 vs. saline: 4.02 + 0.08; p = 0.002) and BF839 (BF839:
5.70 + 0.20 vs. saline: 4.02 = 0.08; p < 0.001) significantly
elevated the total vagal firing rate compared with saline during
the 120-180-s post-infusion window (Figures S7D and S7E).
Notably, a decline in vagal firing was observed after infusion,
albeit with distinct patterns: ACh led to a steeper reduction, while
BF839 exhibited a more gradual decrease (Figure S7D). Statisti-
cal analysis further confirmed that significant differences in vagal
firing persisted after the cessation of both ACh and BF839
infusions (i.e., after 180 s) relative to saline, with a marked
distinction between the ACh and BF839 (ACh: 4.34 + 0.10 vs.
BF839: 5.40 + 0.21; p = 0.0089) groups (Figure S7F). These
results demonstrate that both ACh and BF839 can transmit sig-
nals to the central nervous system via the gut-vagus nerve axis,
with BF839 showing a more sustained activation of the vagus
nerve compared with ACh. We further examined the effects of
intestinal perfusion of mecamylamine (MEC), a nicotinic AChR
antagonist, on the vagal activity and the antiseizure effect of
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BF839. The results demonstrated a marked increase in vagal
firing rate during the 120-180-s window following ACh infusion
into the colon (Figure S7G). Subsequently, MEC was adminis-
tered between 180 and 240 s, resulting in a significant reduction
in the vagal firing rate (Figure S7G). Compared with the saline-
treated ACh group, the MEC-treated ACh group exhibited a
similar overall level of vagal firing (ACh + saline: 5.27 + 0.11 vs.
ACh + MEC: 4.77 + 0.13; p = 0.0744), but specifically during
the 180- to 240-s period, it showed a pronounced reduction in
vagal firing compared with the ACh + saline group (ACh + saline:
6.70 = 0.19 vs. ACh + MEC: 4.29 + 0.08; p < 0.001) (Figures S7H
and S7I). Importantly, administration of MEC alone, in the
absence of ACh, did not significantly alter baseline neuronal
firing rates, indicating that the observed suppression is specific
to ACh-evoked activity (Figures S7H and S7I). These results
provide compelling evidence that ACh transmits signals through
nicotinic AChRs in the gut, relaying these signals to the brain via
the vagus nerve. A similar experimental outcome was observed
when MEC was administered following BF839 (Figure S7J).
Specifically, compared with the BF839 group treated with saline,
the BF839 + MEC group displayed a significant reduction in
vagal firing rate (BF839 + saline: 5.51 + 0.13 vs. BF839 + MEC:
4.55 + 0.042; p = 0.001), particularly during the 180-240-s period
post-MEC administration (BF839 + saline: 5.62 + 0.12 vs.
BF839 + MEC: 4.18 + 0.033; p < 0.001) (Figures S7K and S7L).
These observations reinforce the hypothesis that both ACh and
BF839 modulate vagus nerve activity by activating nicotinic
AChRs. Collectively, these results suggest that BF839 may
elevate ACh expression in colonic tuft cells, leading to enhanced
ChAT-mediated vagal signaling to the brain. This signaling likely
contributes to the transmission of antiseizure neural signals, ex-
erting an antiseizure effect through specific AChR activation.
To further validate whether the antiseizure effect of BF839 is
dependent on the cholinergic signaling pathway, we conducted
an investigation to examine the effect of MEC administration via
intraperitoneal injection or oral gavage on the antiseizure efficacy
of BF839 in mice. Mice were subjected to the same procedure as
in the previous experiments. On the 22nd day of PTZ injection,
the mice were administered an intragastric dose of 3 mg/kg of
MEC 10 min after BF839 administration. Their behaviors were
then recorded for 30 min for conducting an epileptic behavioral
assessment. The findings of the experimental study indicated
that, in comparison with mice that had been treated with
BF839 alone, those that had been treated with MEC exhibited
a pronounced deterioration of epileptic behaviors when induced
with PTZ. Results demonstrated that MEC significantly
increased the number of seizures in BF839-treated mice
(BF839 + PTZ: 1.33 + 0.21 vs. BF839 + MEC + PTZ: 2.50 +
0.34; p = 0.0071) (Figure S7M). Seizure latency was also short-
ened in BF839-treated mice post-MEC compared with BF839
alone (BF839 + PTZ: 573.83 + 23.44 s vs. BF839 + MEC +
PTZ: 307.83 + 23.21 s; p < 0.001) (Figure S7N). In contrast,
seizure duration was prolonged in BF839 treated mice after
MEC compared with BF839 alone (BF839 + PTZ: 434.33 =
29.13 s vs. BF839 + MEC + PTZ: 695.67 + 45.02 s; p < 0.001)
(Figure S70). MEC administration also exacerbated seizure
severity in all BF839 groups (BF839 + PTZ: 1.42 + 0.20 vs.
BF839 + MEC + PTZ:2.28 + 0.13; p = 0.0057) (Figure S7P). These

Neuron 7174, 1-24, March 18, 2026 13




Please cite this article in press as: Jia et al., Gut-brain cholinergic signaling mediates the antiseizure effects of Bacteroides fragilis, Neuron (2025),
https://doi.org/10.1016/j.neuron.2025.11.029

- ¢? CellPress

Neuron

A B c,_J 00 s e Taxonomy D PERMANOVA p-value: 0.001
X = others Group
3 0 1800~ «» o 75 = Patescibacteria o 0.2+ ° PTZ
2 P e Fusobacteriota 2. 014 o BF839+PTZ
5, € 1200 3 = Campilobacterota < V- X
B 2 xx S 50 Verrucomicrobiota ' | Saline
@ ° e | ' Desulfobacterota a8
[ =4 ' ' : : .
1 = 600 : & Effective o = Actinobacteriota 01
é I é B & . 2 25 Proteobacteria e-01
3 ' 8®' Ineffective 3 = Deferribacterota 0.2
0 14 Firmicutes
= Bacteroidota T T T T
-02 0.0 0.2 0.4
PC156.48 %
ispiri F ,
%.‘;{Z';’Sgﬂlum Lactobacillus Bacteroides
Alistipes ©0.15 0.15 4 8 ©0.15
Lachnoclostridium 2 3 « 2
| | Odoribacter 3 S ° o6 3
™| Lachnospiraceae_NK4A136_group 50.10 ©0.10 £ 50.10
Clostridia_UCG-014 - 3 ) S4 2
Clostridia_vadinBB60_group ) © < 1]
Rikenellaceae_RC9_gut_group % 0.05 g 0.05 _;:'\:1 2 % 0.05
Lactobacillus g1 ol s ° » ©
Bifidobacterium T q 5 % 0.00 &o0.00 0  0.00
|| Muribaculum 0 ’
H Roseburia
|- || Muribaculaceae ||0-5
|| Bacteroides -1 &
@
q>‘°<z’\q,52"
&
2
J Lactobacillus K n=15 L n=15 M n=15 N n=6
0.15 Spearman r= 0.8272 S =-0.6939
Q .
] g 015 SO oo 015 pg%aggz;‘ = 015, Spearman r=-0.8679 0.15—, Spearman r=0.8286
5 2o p=0, 8 : Sy <0.001 8 =0.0207
20.10 o) ° cg §= P . = i
Ee 235010 $S0.10 £%0.10 3 0.1
© 2% 58 39 58
o T 5 ag GRS . ot
20.05 o3 T g P @
3 2 @0.05 g 8005 2]0.05 2800
© &5 S T =
©0.00 8 g © ©° v BF
o o 0.00 © 0.00 X 0.00 © 00
& & 0.00 0.05 0.10 0.15 000510152025 0.0 0.51.0 1.5 2.0 2.5 30 40 50 60 70
(\e‘,& é‘ Relative abundance X .
A of Lactobacillus Mean seizures Mean seizures ChAT" cell number
(o) n=6 P 1004 . — Group R
. Taxonomy ABX+BF839+PTZ
015 Spearman r= 0.7849 = others BF839+PTZ Bacteroides
8., p=0.018 o 754 = Fusobacteriota « ABX+PTZ PERMANOVA p-value: 0.001 0.3
S3 ’ . < Gemmatimonadota , p17 g™
230.10 I = Campilobacterota 0.25 S
387 2 Verrucomicrobiota RT4P . 2 2
29 S 50 , © ) 502
© 8 a = Desulfobacterota S e / 2
2 &0.05 o = Actinobacteriota 20.004 > J ©
3 2 Deferribacterota 8 . ] 201
$° T 25 = Firmicutes 6-0.25 p kS
0.00 2 Proteobacteria e
0 10 20 30 40 = Bacteroidota 05057 : : 0.0
NG firing rate 10 -05 0.0
PC174.95%
S Lactobacillus T
g 0.3 GAM medium
€ 5
-‘é 02 . _ £ 1.0 97— Control
-é - L. reuteri+M.R.S. medium ) 8 g 0.8 —|—— Co-culture
-2 0.1 % 0.6
3 w 04
® 0.0 g §o2
: BF839+GAM medium > O
% 00 ekk
L. reuteri+M.R.S. medium / 8 0 24 48 72 96(h)

14

Neuron 114, 1-24, March 18, 2026

(legend on next page)



https://doi.org/10.1016/j.neuron.2025.11.029

Please cite this article in press as: Jia et al., Gut-brain cholinergic signaling mediates the antiseizure effects of Bacteroides fragilis, Neuron (2025),

Neuron

collective findings strongly suggest that the antiseizure effect of
BF839 may be mediated by its modulation of the acetylcholiner-
gic vagal signals from the gut to the brain via the NG and that
MEC, by blocking these receptors, reversed the therapeutic effi-
cacy of BF839.

The antiseizure effect of B. fragilis is associated with the
intestinal colonization of Lactobacillus

As evidenced by the aforementioned results, BF839 treatment
alleviated seizure activity in the PTZ-induced mouse model,
mice in the BF839 group exhibited significantly fewer seizures
(BF839 + PTZ: 1.44 + 0.17 vs. PTZ: 2.10 + 0.07; p = 0.0011),
increased seizure latency (BF839 + PTZ: 463.07 + 49.34 s vs.
PTZ:252.73 £ 19.69 s; p = 0.0068), and reduced seizure duration
(BF839 + PTZ: 387 + 48.62 s vs. PTZ: 565.67 + 41.99 s; p =
0.00996) (Figures 6A, 6B, and S8A) after a 22-day interval. How-
ever, the antiseizure efficacy of BF839 exhibited notable inter-in-
dividual variability, leading to the classification of BF839-treated
mice into effective and ineffective groups (Figures 6A, 6B, and
S8A). Mice in the “BF839-effective” group exhibited a markedly
lower seizure incidence (BF839-effective: 0.96 + 0.09 vs. BF839-
ineffective: 2.15 + 0.07; p < 0.001) and seizure score (BF839-
effective: 1.43 + 0.07 vs. BF839-ineffective: 2.12 + 0.06;
p < 0.001) compared with those in the “BF839-ineffective” group
(Figures S8B and S8C). To further examine potential factors
contributing to individual variations in therapeutic efficacy of
BF839 among PTZ-treated juvenile mice, we analyzed changes
in gut microbiota composition using 16S rRNA sequencing
of fecal samples from all experimental groups. In line with previ-
ous findings,® the gut microbiota of the experimental mice
was dominated by the phyla Bacteroidetes and Firmicutes
(Figure 6C). Principal coordinates analysis (PCoA) based on
weighted UniFrac distances confirmed that PTZ treatment
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induced significant alterations in the bacterial community
composition (Figure 6D). Notably, intragastric administration of
BF839 led to a substantial increase in the relative abundance
of Bacteroides (BF839 + PTZ: 0.05 + 0.009 vs. PTZ: 0.009 +
0.001; p = 0.0024) and Lactobacillus (BF839 + PTZ: 0.033 +
0.008 vs. PTZ: 0.01 + 0.001; p < 0.001) (Figures 6E-6G).
Measures of alpha diversity indicated that BF839 increased gut
microbiota diversity (BF839 + PTZ: 6.33 + 0.11 vs. PTZ: 5.94 +
0.11; p = 0.0253) (Figure 6H). Further validation using de Man,
Rogosa, and Sharpe (MRS) agar cultivation at 37°C demon-
strated that fecal samples from BF839-treated mice contained
significantly higher counts of Lactobacillus compared with the
PTZ group after 22 days of treatment (BF839 + PTZ:
67,333.33 + 8,871.93 CFU/g vs. PTZ: 17,500 + 3,211.96
CFU/g; p = 0.008) (Figures S8D and S8E). These results align
with the sequencing data on gut microbiota composition. A
comparative analysis of the microbiota composition between
the effective and ineffective groups revealed significant differ-
ences in gut microbiota structure between them (Figures S8F
and S8G). However, no significant differences were observed
in the alpha diversity of the gut microbiota between the two
groups (BF839 + PTZ: 6.05 + 0.14 vs. PTZ: 5.85 + 0.27; p =
0.4559) (Figure S8H). The relative abundance of Bacteroides
and Lactobacillus in the feces of mice in the BF839-effective
group showed elevated levels in comparison with the BF839-
ineffective group (Bacteroides, BF839-ineffective: 0.02 + 0.003
vs. BF839-effective: 0.07 = 0.01; p = 0.028) (Lactobacillus,
BF839-ineffective: 0.047 + 0.011 vs. BF839-effective: 0.02 +
0.0059; p = 0.026) (Figures 61 and 6J). Interestingly, the
Spearman correlation analysis revealed a positive correlation
between the relative abundance of Bacteroides and Lactoba-
cillus (Figure 6K). In contrast, a negative correlation was identi-
fied between the relative abundances of Bacteroides and

Figure 6. Subgroup differences in the antiseizure effects of BF839 are associated with Lactobacillus abundance

(A) Average total number of seizures per animal per day with 12 PTZ injections (saline, n = 6; PTZ and BF839, n = 15) (unpaired t test).

(B) Seizure latency following the final PTZ injection (saline, n = 6; PTZ and BF839, n = 15) (Mann-Whitney test).

(C) Microbiota composition at the phylum level in saline (n = 6), PTZ (n = 15), and BF839 + PTZ (n = 15) treatment groups.

(D) PCoA of gut microbiota composition at the genus level, based on the weighted UniFrac matrix for each group on day 22 after PTZ induction, as described in

Figure 2A (saline, n = 6; PTZ and BF839, n = 15).

(E) Hierarchical clustering of the relative abundances of the top 15 bacterial genera across treatment groups (BF839 + PTZ, BF839, and saline). Color gradient
reflects the relative abundance of each taxon normalized to its minimum value across treatment groups (BF839 + PTZ, BF839, and saline). Blue indicates lower

abundance, and red indicates higher abundance relative to this baseline.
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(Mann-Whitney test).
(

Mann-Whitney test).

F) Relative abundance of Bacteroides (saline, n = 6; PTZ and BF839, n = 15) (Mann-Whitney test).

G) Relative abundance of Lactobacillus (saline, n = 6; PTZ and BF839, n = 15) (Mann-Whitney test).

H) Shanon a-diversity index of grouped data (saline, n = 6; PTZ and BF839, n = 15) (unpaired t test).

1) Differences in Bacteroides abundance between individuals showing effective and ineffective responses to BF839 treatment (ineffective, n = 6; effective, n = 9)

J) Differences in Lactobacillus abundance between individuals showing effective and ineffective responses to BF839 treatment (ineffective, n = 6; effective, n = 9)

K) Positive correlation between the relative abundances of Bacteroides and Lactobacillus.
L) Negative correlation between Bacteroides abundance and mean seizure frequency.
M) Negative correlation between Lactobacillus abundance and mean seizure frequency.

O) Positive correlation between Lactobacillus abundance and vagus nerve firing rate.

P) Microbiota composition at the phylum level in each group (n = 6/group), as described in Figure 2M.

Q) PCoA of gut microbiota composition at the genus level, based on the weighted UniFrac matrix for each group on day 22 after PTZ induction (n = 6/group).
R) Relative abundance of Bacteroides (left) and Lactobacillus (right) in each group (n = 6/group) (ordinary one-way ANOVA).

(S) Representative image of BF839 co-cultured with Lactobacillus reuteri (n = 6/group).

(T) OD values measured at different time points (n = 3/group) (Mann-Whitney test).

See also Figures S8-S11 and Table S4.
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Lactobacillus and the mean number of seizures (Figures 6L and
6M). This suggests that the ecological niche of Lactobacillus
within the host’s gut may be a determining factor in the antisei-
zure efficacy of BF839. It is noteworthy that a positive correlation
was observed between the relative abundance of Lactobacillus
and the ChAT" cells in the colon (Figure 6N). A positive correla-
tion was also identified between the relative abundance of Lacto-
bacillus and the recorded firing rate of the vagal ganglia in mice
(Figure 60), highlighting the potential interplay between these
microbial taxa in mediating the antiseizure effects of BF839 via
activation of gut-brain cholinergic signaling.

These findings underscore the association between intragas-
tric BF839 administration and reduced seizures in PTZ-induced
epileptic mice and suggest that these effects are correlated with
the colonization of Lactobacillus, which may contribute to the
maintenance of host gut microbial homeostasis. We next sought
to investigate whether augmenting the ecological niche of Bac-
teroides in the gut by the administration of the ABX prior to the
BF839 treatment also facilitates the colonization of Lactoba-
cillus, which may participate in the antiseizure effect of BF839,
by examining the gut microbiota composition of mice from
different groups after treatment with ABX and BF839. The
administration of ABX resulted in alterations to the gut micro-
biota composition at the phylum level, when compared with
mice that had not undergone ABX treatment (Figures 6P
and 6Q). In particular, the administration of BF839 after ABX
treatment resulted in a significant increase in the abundance of
not only Bacteroides (ABX + BF839 + PTZ: 0.14 + 0.03 vs.
BF839 + PTZ: 0.053 + 0.005; p < 0.001) but also Lactobacillus
(ABX + BF839 + PTZ: 0.12 + 0.014 vs. BF839 + PTZ: 0.033 +
0.004; p = 0.0043) in mice compared with those treated with
BF839 alone (Figures 6R and 6S). The physical integrity of the in-
testinal barrier, constituted by epithelial cells, is of pivotal impor-
tance in maintaining the homeostasis of the gut microbiota, and
vice versa. Subsequently, we analyzed the effect of BF839 on
the integrity of the intestinal barrier using immunostaining of tight
junction proteins, including Zonula occludens-1 (ZO-1) and
occludin, in colon tissues of mice. Mice treated with PTZ ex-
hibited a notable reduction in the number of ZO-1-positive cells
and the relative fluorescence intensity of ZO-1, in comparison
with the saline group (ZO-1 cell number, PTZ: 22.50 + 2.32 vs.
BF839 + PTZ: 69.83 + 3.09; p = 0.0146) (intensity, PTZ: 0.52 +
0.061 vs. BF839 + PTZ: 0.88 + 0.041; p = 0.002) (Figure S9A).
In addition, BF839 administration resulted in a significant in-
crease in the area of occludin-positive cells (PTZ: 1.62 + 0.16
vs. BF839 + PTZ: 3.83 + 0.34; p < 0.001) and the relative fluores-
cence intensity of occludin (PTZ: 0.55 + 0.043 vs. BF839 + PTZ:
0.94 + 0.082; p = 0.0409) compared with mice in the PTZ
alone group (Figure S9A). We also evaluated the integrity of the
intestinal barrier by performing the immunostaining of ZO-1
and occludin in the presence of BF839 and ABX treatments.
The ABX pretreatment resulted in a notable elevation in the
expression of ZO-1 (ABX + BF839 + PTZ: 70.00 + 2.02 vs.
PTZ: 17.00 + 1.62; p < 0.001) and occludin (ABX + BF839 +
PTZ: 3.68 + 0.23 vs. PTZ: 1.78 = 0.14; p < 0.001) in the colon
when compared with the PTZ group (Figure S9B), thereby
indicating that BF839 plays a role in safeguarding the integrity
of the intestinal barrier and maintaining the homeostasis of
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the gut microbiota. Taken together, these results suggest that
BF839 confers protection by ameliorating PTZ-induced dysbio-
sis and damage to the intestinal mucosal barrier.

To further elucidate the mechanism by which B. fragilis pro-
motes Lactobacillus growth, we performed anaerobic co-culture
experiments using a Lactobacillus reuteri (L. reuteri) strain isolated
from BF839-treated mouse feces on MRS selective medium and
identified through 16S rRNA sequencing (Table S4), allowing
direct assessment of their commensal interaction (Figure 6T).
The results, as indicated by optical density (OD) values, indicated
anincrease in L. reuteri abundance when co-cultured with BF839,
suggesting that BF839 metabolic byproducts may stimulate
L. reuteri growth (Figure 6T). To validate this promotion of Lacto-
bacillus colonization by B. fragilis in vivo, we administered
BF839, L. reuteri, or the mixture of BF839 and L. reuteri to mice
by gavage for 5 consecutive days (Figure S10A). The feces were
collected and homogenized, followed by centrifugation to obtain
the supernatant for subsequent dilution and plating. The results
revealed that, compared with the administration of L. reuteri alone,
the mixture of BF839 and L. reuteri by gavage significantly
increased the levels of L. reuteri in the feces of the mice
(L. reuteri: 30,000 + 2,966.47 CFU/g vs. L. reuteri + BF839:
59,833.33 + 3,978.41 CFU/g; p = 0.0011; Figure S10B). To confirm
the facilitating effect of BF839 on L. reuteri, we employed a
mixture of BF839 and L. reuteri or a mixture of Escherichia coli
(E. coliy and L. reuteri and inoculated them in a fastidious anaer-
obic nutrient plate supplemented with 0.5% yeast extract to eval-
uate their growth status. Daily observation of colony growth over
7 days revealed a co-cultivation phenomenon between L. reuteri
and BF839, with colonies forming adjacent to each other, whereas
no such phenomenon occurred with L. reuteri and E. coli
(Figures S10C and S10D).

To investigate the mechanisms by which Bacteroides pro-
motes the growth and intestinal colonization of Lactobacillus,
we used microbial community metabolic modeling (MICOM),
a constraint-based microbial community modeling approach,
to reconstruct gut microbial models from PTZ- or BF839 +
PTZ-treated mice.®® Simulations revealed that BF839 interven-
tion markedly increased the relative flux of metabolites sup-
plied to Lactobacillus compared with the PTZ-only group
(Figure S10E). These findings suggest that the Bacteroides-en-
riched microbial communities in BF839-treated mice generate
a metabolic environment conducive to Lactobacillus growth
and colonization. KEGG pathway analysis of Bacteroides-
derived metabolites revealed several metabolites with elevated
relative levels in BF839-treated communities that are impor-
tant for Lactobacillus proliferation. Notably, Bacteroides
contributed increased relative abundances of L-cysteine and
glycine—amino acids essential for the growth of many Lacto-
bacillus species (Figure S11A).54%° Additionally, metabolites
including L-malate, L-aspartate, hydrogen phosphate, acetate,
and L-lactate were predicted to support Lactobacillus energy
metabolism by feeding into pyruvate and acetyl-coenzyme
A (CoA) biosynthesis pathways (Figures S11A and S11B).%°
These metabolites play central roles in glycolysis and amino
acid metabolism, ultimately promoting bacterial proliferation
and colonization (Figure S11B). Collectively, these results indi-
cate that BF839-induced modulation of the gut microbiota
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Figure 7. Participants and therapeutic outcomes of the oral BF839 pilot study in children with epilepsy
(A) Flowchart illustrating the clinical trial design used in this study.
(B) Enrollment details and results of the clinical trial.

(legend continued on next page)
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enhances the availability of metabolites supporting Lactoba-
cillus growth, thereby facilitating its expansion in the colon.
This metabolic shift may contribute to the antiseizure effects
observed following BF839 treatment. Collectively, these find-
ings highlight that enhancing the ecological niche of Bacter-
oides and Lactobacillus in the gut significantly augments the
antiseizure efficacy of BF839.

Therapeutic efficacy of B. fragilis in children with
refractory epilepsy
Based on animal studies showing that treatment with BF839
can increase the abundance of Lactobacillus in the colon, we
conducted a validation study in humans to investigate whether
BF839 has a comparable ability to increase the abundance of
Lactobacillus in the intestinal tract of children with refractory ep-
ilepsy. To evaluate the translational potential of the antiseizure
effects of B. fragilis observed in the PTZ-induced mouse model,
we included 60 patients with refractory epilepsy from the outpa-
tient department of Shenzhen Children’s Hospital between
February 2021 and January 2022. All participants were local
residents of Shenzhen with similar dietary habits, voluntarily con-
sented to participate, and met the inclusion criteria (Table S5).
Participants were randomized to receive either placebo or
BF839 for 3 months while maintaining their regular diet and
anticonvulsant medication (Figures 7A and 7B). Baseline charac-
teristics, including demographics, seizure types, and antiseizure
medication use, were well balanced between the placebo and
treatment groups (Tables S5 and S6). Specifically, the distribu-
tion of sex was similar in the BF839 group (68.97% male,
31.03% female) and the placebo group (50% male, 50% female),
with no significant difference observed (p = 0.359). Post-treat-
ment clinical characteristics are provided in Table S7. Signifi-
cantly higher efficacy was observed in the BF839 group, with
32% of patients showing effective seizure reduction compared
with 5% in the placebo group (p = 0.0224) (Figure 7C). Notably,
the efficacy of BF839 remained consistent across different age
groups (0-7 and 8-14 years) (p = 0.0973, 0.1618) (Figure 7C).
To quantify treatment effects, we calculated the normalized
seizure frequency ratio (post-treatment/pre-treatment). BF839-
treated patients exhibited a significantly lower ratio (0.70 =
0.09) compared with the placebo group (1.10 = 0.16, p =
0.0117) (Figure 7D), indicating a reduction in seizure frequency
following treatment.

Adverse events were monitored throughout the trial, with mild
events including abdominal pain (1/30), diarrhea (1/30), consti-

Neuron

pation (1/30), and language regression (1/30) observed in
approximately 13.3% of the treatment group. These side effects
were transient, resolving within 1 week, and no significant
adverse events were reported in the placebo group (Table S8).
Analysis of 16S rRNA sequencing of fecal samples showed no
significant differences in gut microbiota diversity between the
groups after treatment (Figure S12A). However, compositional
changes at the genus (Figure 7E) and phylum (Figure 7F) levels
were observed following BF839 treatment, with an increase in
the relative abundance of Bacteroides (BF839: 0.31 + 0.039 vs.
placebo: 0.19 + 0.033; p = 0.0262) and Lactobacillus (BF839:
0.048 + 0.011 vs. placebo: 0.007 + 0.003; p = 0.0015) compared
with the placebo group (Figures 7G and 7H). Further analysis
showed significant changes in the relative abundance of
Bacteroides and Lactobacillus after treatment, with levels of
Bacteroides rising from 0.19 + 0.025 to 0.31 + 0. 0397 (p =
0.013) and Lactobacillus increasing from 0.015 + 0.009 to
0.04 + 0.01 (p = 0.0194) (Figures 71 and 7J). Notably, patients
with good treatment efficacy exhibited significantly higher
levels of Lactobacillus compared with those with poor efficacy
(ineffective: 0.026 + 0.008 vs. effective: 0.096 + 0.02;
p < 0.001) (Figure 7K). Stratified analysis revealed that the
treatment was more effective in patients with non-Dravet
syndrome (36.84 %) compared with those with Dravet syndrome
(20%) (p = 0.2733) (Figure S12B). PCoA indicated no significant
differences in beta diversity between the two groups
(Figure S12C). In patients with non-Dravet syndrome, BF839
treatment effectively increased the relative abundance of
Bacteroides (from 0.21 + 0.03 to 0.38 + 0.04; p = 0.0014) and
Lactobacillus (from 0.018 + 0.012 to 0.054 + 0.011; p =
0.0346), while no significant changes were observed in the
Dravet group (Bacteroides from 0.13 + 0.041 to 0.1 + 0.05;
p = 0.728) (Lactobacillus from 0.003 + 0.002 to 0.031 + 0.028;
p = 0.3412) (Figures S12D and S12E). Alpha diversity remained
unchanged in both groups (Figure S12F).

To evaluate the predictive value of gut microbiota composition
for treatment response, we generated receiver operating char-
acteristic (ROC) curves based on the relative abundances
of Bacteroides and Lactobacillus (Figure 7L). These models
demonstrated robust discrimination of favorable outcomes in
pediatric patients with refractory epilepsy, yielding area under
the curve (AUC) values of 0.8235 and 0.8382, respectively,
indicative of strong predictive performance. BF839 treatment
markedly modulated gut microbiota composition, notably
increasing the relative abundance of these beneficial taxa

(C) Overall therapeutic efficacy of BF839, including age-specific subgroup analysis.
(D) Normalized seizure frequency ratio (post-treatment/pre-treatment) was used to quantify therapeutic response (unpaired t test).
(E) PCoA plot showing gut microbiota composition at the genus level based on the weighted UniFrac matrix for each group (control, n = 30; placebo, n = 20;

BF839, n = 25).

(F) Relative abundance of gut bacterial phyla before and after the probiotic treatment in the control (n = 30), placebo (n = 20), and BF839 (n = 25) groups.

(G) Relative abundance of Bacteroides (placebo, n = 20; BF839, n = 25) (Mann-Whitney test).

(H) Relative abundance of Lactobacillus (placebo, n = 20; BF839, n = 25) (unpaired t test).

() Relative abundances of Bacteroides before and after BF839 treatment (n = 25/group) (unpaired t test).

(J) Relative abundances of Lactobacillus before and after BF839 treatment (n = 25/group) (unpaired t test).

(K) Comparison of Lactobacillus abundance between participants with ineffective and effective responses to BF839 treatment (ineffective, n = 17; effective, n = 8)

(unpaired t test).

(L) ROC curve analysis assessing BF839 treatment efficacy in relation to patient gender and age. Data are presented as mean + SEM.

See also Figure S12 and Tables S5, S6, S7, and S8.
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(Figures 7F=7H). Clinical response to BF839 exhibited inter-indi-
vidual variability that correlated with host genetic backgrounds
linked to epilepsy. Importantly, the antiseizure efficacy of
BF839 was positively associated with successful gut coloniza-
tion by Bacteroides and Lactobacillus (Figure 7K), and this rela-
tionship was preserved across genetically diverse individuals,
underscoring the microbiota’s role in mediating individualized
therapeutic responses to probiotic intervention. To further inves-
tigate the potential mechanistic interplay between BF839 and
Lactobacillus in mediating therapeutic efficacy, we performed
microbial community metabolic modeling using MICOM. This
analysis revealed a specific enrichment of succinate—but not
acetate or nicotinate—in therapy responders, consistently
observed across both mouse models and human patients
(Figures S12G and S12H). Previous work has shown that succi-
nate, as the natural ligand for succinate receptor 1 (SUCNR1),
activates this receptor on intestinal epithelial ChAT" cells and
may thereby induces ACh release along the gut-brain axis.>*
Taken together, these findings support the interpretation that
the therapeutic efficacy of BF839 may depend, at least in part,
on a cooperative microbial mechanism involving Lactobacillus,
which potentiates cholinergic signaling to alleviate seizures. In
summary, findings from our clinical trial are consistent with those
from preclinical studies, reinforcing the therapeutic potential of
BF839 in managing refractory epilepsy in children.

DISCUSSION

This study identifies a previously unrecognized gut-brain cholin-
ergic signaling axis as a central mediator of the antiseizure
effects of B. fragilis, thereby extending current concepts of gut
microbiota-brain communication in epilepsy. Whereas most
prior research has emphasized the role of circulating microbial
metabolites (e.g., short-chain fatty acids and tryptophan deriva-
tives) in modulating neuronal excitability, our findings demon-
strate that ACh, released by colonic ChAT*' tuft cells and
transmitted via the vagus nerve to the brain, serves as a direct
neural conduit for microbial influence on seizures. This repre-
sents a paradigm shift in understanding how gut microbes regu-
late brain activity, moving beyond metabolic signaling to uncover
a structurally and functionally defined neural circuit.

Choline, an essential nutrient and neurotransmitter, plays a
critical role in neuroprotection and neurodevelopment.??¢7:58
Whereas previous chemogenetic studies have largely focused
on central cholinergic circuits in epilepsy management,20 our
study identifies a previously unrecognized peripheral pathway
in which BF839 upregulates ChAT expression in colonic cells,
enhances ACh signaling to NG neurons, and ultimately sup-
presses hippocampal hyperexcitability. Consistent with recent
reports, colonic ChAT" epithelial cells are largely tuft cells, which
can sense microbial-derived cues via transient receptor
potential cation channel subfamily M member 5-dependent
chemosensory pathways and, through the interleukin (IL)-25-
group 2 innate lymphoid cell (ILC2)-IL-13 axis, engage immune
feedback that amplifies their expansion and cholinergic
output.*”545972 BF839 may act along this integrated chemo-
sensory-immune circuit, although the precise upstream media-
tors remain to be defined. The co-localization of ChAT* cells

¢? CellPress

with synapsin-1 in the colonic cells, along with the retrograde
neural tracing between the ChAT* colonic cells and the NG, sug-
gests neural characteristics and an ability to transmit neural sig-
nals from the gut to the brain. Chemogenetic manipulations
demonstrated that the integrity of the colonic ChAT*-NG circuit
is indispensable for BF839’s therapeutic efficacy: targeted abla-
tion of colonic ChAT" cells, vagotomy, or nicotinic receptor
blockade abolished its antiseizure effects, whereas chemoge-
netic activation of these neurons potentiated BF839-mediated
seizure suppression. Collectively, these data indicate that this
ascending cholinergic pathway is not sufficient by itself but is
necessary and acts in a permissive, modulatory manner to
amplify BF839-mediated seizure suppression. These findings
provide circuit-level evidence for a microbiota-dependent
cholinergic pathway that regulates epileptogenesis. Importantly,
BF839 selectively elevated choline levels in the gut and brain, but
not in systemic circulation, underscoring the localized and neu-
ronally restricted nature of this signaling route. Previous research
has predominantly explored how gut microbiota and its metabo-
lites influence the central nervous system via the blood-
stream.”®"* However, neural pathways, particularly the vagus
nerve, also play a pivotal role in transmitting signals from the
gut microbiota to the brain, including the perception of gastroin-
testinal information.”>”® Emerging evidence underscores the
critical role of vagal cholinergic signals in regulating various
physiological functions.***>"” While cholinergic signaling and
ChAT" cells are also abundant in the proximal small intes-
tine,”®"® both the microbial niche*®*° and our experimental
data (Figures 4M, 6M, and 6N; Video S1) indicate that BF839 pre-
dominantly engages colonic ChAT* cells to mediate gut-brain
communication and seizure protection. Future studies will be
of interest to determine whether proximal intestinal cholinergic
pathways may also participate in mediating microbiota-based
modulation of seizure susceptibility under specific microbial or
pathophysiological conditions. This study presents a novel pro-
biotic mechanism in seizure, proposing that intestinal ChAT
signaling is transmitted to the brain primarily through the vagus
nerve rather than via the bloodstream.®°-%2

Our findings point to a multi-timescale mechanism by which
BF839 exerts its antiseizure effects through gut-brain commu-
nication. The acute effects are evidenced by the rapid increase
in vagal nerve activity within minutes of intestinal perfusion
with BF839, suggesting that microbial metabolites can rapidly
activate vagal afferents, consistent with recent findings.*® In
contrast, the chronic antiseizure effects coincide with the
establishment of intestinal colonization and the remodeling of
the gut microbiota. These longer-term effects are likely driven
by sustained vagal input to central nuclei such as the NTS,
leading to downstream modulation of limbic structures impli-
cated in seizure regulation. Our current results suggest that
BF839 may act through a two-phase model: rapid vagal activa-
tion via microbial metabolites and longer-term neuroplastic
adaptations sustained by sustained cholinergic signaling.
Recognizing and dissecting these distinct timescales will be
critical for optimizing probiotic-based therapies for epilepsy
and other neurodevelopmental conditions. Our findings reveal
that the vagus nerve contributes not only to the acute but
also to the sustained antiseizure effects of B. fragilis,

Neuron 7174, 1-24, March 18, 2026 19




https://doi.org/10.1016/j.neuron.2025.11.029

Please cite this article in press as: Jia et al., Gut-brain cholinergic signaling mediates the antiseizure effects of Bacteroides fragilis, Neuron (2025),

¢? CellPress

highlighting a chronic neuromodulatory role of gut-brain
signaling. This extends current understanding of gut-brain
cholinergic signaling by revealing its role in regulating brain
excitability across both acute and chronic timescales, with im-
plications for clinical translation. Additionally, these findings
demonstrate that while acute VNS alone exerted limited
seizure-suppressive effects, the combined VNS and BF839
treatment yields enhanced antiseizure efficacy, highlighting
the potential of a personalized, probiotic-based therapy
tailored to individual variations in vagus nerve activity and the
intestinal colonization capacity of specific bacterial strains,
which could be particularly beneficial for managing seizures
in refractory epilepsy.

A positive correlation has been identified between a Bacter-
oides-dominated gut microbiome in late infancy and subsequent
neurodevelopment.®® However, substantial gaps remain in our
understanding of individual variability in microbiome-based in-
terventions and the underlying molecular mechanisms relevant
to human clinical conditions. Building on prior evidence that
gastrointestinal dysfunction and gut dysbiosis contribute to
seizure susceptibility’®>®* and that specific bacteria enriched
by the KD mediate antiseizure benefits,'* our study reveals an
ecological dimension of BF839 action: its antiseizure efficacy
was strongly associated with the intestinal colonization of Lacto-
bacillus. By promoting L. reuteri growth, BF839 appears to
stabilize microbial community dynamics while simultaneously
enhancing cholinergic gut-brain signaling. This cooperative
interaction suggests that BF839 may function as a keystone
strain, orchestrating both host-microbe and microbe-microbe
networks toward neuroprotection.®®> The association between
Lactobacillus abundance and seizure suppression was consis-
tently observed across both mouse models and pediatric
patients, supporting a precision-microbiome therapeutic frame-
work in which baseline microbial ecology shapes probiotic
responsiveness. Moreover, our findings indicate that the thera-
peutic benefit of BF839 may depend, at least in part, on a coop-
erative interaction with Lactobacillus, whereby microbial succi-
nate production—previously reported to activate SUCNR1 on
intestinal ChAT* cells—enhances cholinergic signaling along
the gut-brain axis, thereby contributing to seizure suppression.>*

Clinically, our pediatric trial not only validates the translational
efficacy of BF839 but also highlights the necessity of personal-
ized probiotic strategies that integrate host genetics, microbial
ecology, and epilepsy subtype. Consistent with our preclinical
findings, trial participants could be stratified into responders
and non-responders, with therapeutic efficacy positively corre-
lated with gut Lactobacillus abundance. Further investigations
are warranted to optimize the Bacteroides-Lactobacillus compo-
sitional ratio and to elucidate its conserved mechanistic role in
seizure protection across both mouse and human models.
Host genetic background further shapes the capacity to harbor
and interact with specific microbial communities, as demon-
strated by the association between the lactase gene and the
Bifidobacterium genus.®® The attenuated response observed in
Dravet syndrome underscores the critical importance of tailoring
microbiome-based interventions to distinct disease contexts.

Taken together, this study provides a comprehensive frame-
work linking microbial ecology, gut-brain cholinergic circuitry,
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and clinical efficacy in epilepsy. By uncovering a neural mecha-
nism of microbial action, we extend the scope of microbiota-brain
research beyond metabolic communication and propose
B. fragilis as a prototype for circuit-targeted, precision micro-
biome therapies. More broadly, these results highlight that the
vagal sensory pathway mediates both acute microbial signaling
and sustained neuromodulatory control over brain excitability,
with particular therapeutic relevance in early life—a critical win-
dow for intervention in pediatric epilepsy when gut microbiota
and vagal circuitry are highly plastic. Although the microbiota-va-
gus-brain axis represents an evolutionarily conserved pathway
with relevance across the lifespan, our study addresses a critical
unmet need in pediatric refractory epilepsy, advancing mecha-
nistic understanding and opening new avenues for microbiota-
based precision interventions in childhood epilepsy.

Limitations of the study

This study provides mechanistic and translational insights into
the antiseizure effects of BF839, revealing a critical role for
cholinergic signaling within the gut-vagus-brain axis and its
impact on hippocampal excitability. Nevertheless, several
limitations should be acknowledged. First, the complex, bidi-
rectional interactions between the gut microbiota and central
neural networks in epileptogenesis remain incompletely under-
stood. Even well-characterized biomarkers, such as dendritic
spine density, exhibit stage- and cell-type-specific variability,
limiting their reliability as consistent indicators of probiotic-
mediated antiseizure effects.

Second, the clinical trial duration of 3 months limits the
assessment of long-term outcomes, including seizure fre-
quency, cognitive trajectories, and quality of life. Moreover,
our cohort consisted primarily of children with drug-resistant
epilepsy who were already receiving conventional antiseizure
medications, leaving the efficacy of BF839 in newly diagnosed
patients or treatment-naive children untested.

Third, environmental and lifestyle factors —including diet, mi-
cronutrient intake, and other exposures—can influence gut mi-
crobiota composition, and although baseline characteristics
were rigorously controlled, residual confounding cannot be
excluded. The sample size (n = 30 per group), determined
based on prior estimations to ensure adequate statistical
power for the primary endpoints, may nonetheless be under-
powered to detect more subtle treatment effects influenced
by clinical heterogeneity.

Finally, while our preclinical data demonstrate robust modu-
lation of cholinergic gut-brain signaling and seizure suppres-
sion, translation to broader pediatric populations requires
caution. Multi-center trials with harmonized protocols, longer
follow-up, and comprehensive metadata collection—including
dietary, genetic, and microbiome profiles—are warranted to
validate the generalizability and durability of BF839-mediated
antiseizure effects.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

y- aminobutyric acid Solarbio Cat# SA8240
Dopamine hydrochloride Solarbio Cat# SD8600
L-glutamate Solarbio Cat# G0010
Kainic acid Solarbio Cat# IK1000
Norepinephrine Shyuanye Cat# B24713
2-Hydroxy-N,N,N-Trimethyl- Shyuanye Cat# T25208
Ethanaminium(Choline)

Pentylenetetrazole Sigma Cat# P6500
dNTPmix10mM Invitrogen Cat# 18-427-088
Vancomycine Dalian Meilun Biotechnology Cat# MB1260
Streptomycin Macklin Cat# S875203
Neomycin Macklin Cat# N6063
Gentamycin OXOID Cat# CT0695B
Lidocaine Aladdin Cat# L129221
Acetylcholine Chloride ApexBio Technology Cat# B1596
Mecamylamine hydrochloride ApexBio Technology Cat# B7205
Bupivacaine Acmec Biochemical Cat# B75920
DAPI Solarbio Cat# C0060
Fluoro-Gold KEYGEN BIOTECH Cat# KGMP023
Deschloroclozapine MedChemExpress Cat# HY-42110
Normal goat serum Beyotime Cat# C0265
Critical commercial assays

Modified gifu anaerobic medium broth medium Haibo Company Cat# HB8518-3

Nutrient medium
M.R.S. medium

Haibo Company
Haibo Company

Cat# HB0109
Cat# HB0384

Experimental models: Organisms/strains

C57BL/6J mice

Hunan SJA Laboratory Animal

N/A

Software and algorithms

Graph-Pad Prism software, version 8.0
Origin 2024

Fiji Image J

MATLAB 2019b

RIGOL DHOB800 system

SCIEX OS-MQ software

Adobe lllustrator 2020

Apollo I high-throughput neural recording
system

Neuroexplorer software

Imaris Viewer
USEARCH software

Graphpad

OriginLab

Fiji

MATLAB

RIGOL Technologies
Danaher Life Sciences
Adobe

Originopto Biotechnology

Nex Technologies
OXFORD instruments
USEARCH

https://www.graphpad.com/
https://www.originlab.com/
https://fiji.sc/
https://ww2.mathworks.cn/products/
matlab.html

https://www.rigol.com/products/detail/
DHO800

https://sciex.com.cn/products/software/
sciex-os-software

https://www.adobe.com/cn/products/
illustrator.html

https://bio-signal.com/?list_19/38.html

https://www.neuroexplorer.com/
https://imaris.oxinst.com/imaris-viewer
https://www.drive5.com/usearch/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All experiments in mice were performed after approval by the Institutional Animal Care and Use Committee of the Shenzhen Institutes
of Advanced Technology, Chinese Academy of Sciences (SIAT-IACUC-220901-NS-LXA-A2184). Male C57BL/6J mice, aged
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3 weeks, were housed in groups under standard conditions with a 12/12 h day/night cycle (lights on at 7 am and off at 7 pm) with ad
libitum access to water and standard mouse chow (Purina 5001). Mice were randomly assigned to experimental groups. Experiments
included age-matched cohorts of males.

Participants

NDPE observational microbiome cohort (cohort 1)

Cohort 1 comprised 114 pediatric patients with newly diagnosed pediatric epilepsy (NDPE) and 63 age- and sex-matched healthy
controls recruited at Shenzhen Children’s Hospital (Ethics Approval No. 202212403). NDPE was diagnosed according to the 2017
International League Against Epilepsy (ILAE) classification.®” Eligible participants were (1) aged 1-14 years and (2) newly diagnosed
and treated at Shenzhen Children’s Hospital following the first occurrence of epileptic symptoms. Exclusion criteria included (1) intra-
cranial space-occupying lesions, malformations, or other surgically resectable abnormalities; (2) comorbidities that could interfere
with study assessments; (3) severe cardiac, hepatic, or renal dysfunction; (4) anticipated inability to complete regular follow-up as-
sessments; and (5) participation in other clinical trials. Healthy controls were included if they (1) were 1-14 years old; (2) had no history
of neurological, metabolic, gastrointestinal, or chronic systemic diseases; and (3) had not used antibiotics, probiotics, or ketogenic
diet within the preceding month. Control exclusion criteria included any acute or chronic illness or medication exposure that could
affect gut microbiota composition.

Refractory epilepsy metagenomic profiling cohort (cohort 2)

Cohort 2 included 37 pediatric patients with refractory epilepsy recruited from Shenzhen Children’s Hospital (Ethics Approval No.
202212403), while age- and sex-matched healthy control metagenomic data were obtained from the China National Center for Bio-
information (CNCB; BioProject: PRJCA001532, n = 39). Refractory epilepsy was diagnosed according to the 2017 ILAE criteria.
Eligible participants (1) were 1-14 years old; (2) had failed to achieve seizure control despite treatment with at least two appropriate
antiseizure medications and had not responded to other therapeutic modalities, including neurostimulation, additional medications,
or surgery; (3) had experienced at least one seizure every four weeks during the eight weeks preceding screening; (4) had been on
stable therapeutic regimens for at least four weeks before screening and were expected to maintain stability during the study; and
(5) experienced at least one seizure during the four-week baseline observation period. Exclusion criteria included intracranial struc-
tural abnormalities, comorbidities that could interfere with study assessments, severe cardiac, hepatic, or renal dysfunction, inability
to complete scheduled follow-up visits, or participation in other clinical studies.

BF839 randomized controlled trial (cohort 3)

Cohort 3 was approved by the Medical Ethics Committee of Shenzhen Children’s Hospital (Approval No. 202007502) and regis-
tered with the Chinese Clinical Trial Registry (Registration No. ChiCTR2100042203). This cohort included pediatric patients with
refractory epilepsy who met the same diagnostic and screening criteria as those in cohort 2. Eligible participants were randomly
assigned (1:1) to receive either BF839 or a placebo. Participants were excluded if they (1) had received ketogenic diet therapy,
antibiotics, or other probiotic treatments within one month prior to screening; (2) had intracranial space-occupying lesions, mal-
formations, or other surgically resectable abnormalities; (3) had comorbidities that could interfere with study assessments;
(4) had severe cardiac, hepatic, or renal dysfunction; (5) were expected to be unable to complete scheduled follow-up
evaluations; (6) were participating in other clinical trials; or (7) were unable to take oral medication, including those requiring
gastrostomy tube feeding or other enteral administration routes. Withdrawal criteria included (1) failure to adhere to the study
treatment; (2) the need for major adjustments to antiseizure medications due to a significant increase in seizure frequency;
(8) the occurrence of severe adverse reactions; or (4) withdrawal at the request of parents or legal guardians. Additional meth-
odological details are provided in the Trial Protocol.

Written informed consent was obtained from all participants or their legal guardians. Fecal samples were collected across all three
cohorts. In cohorts 1 and 2, samples were collected during each participant’s initial hospital visit and immediately stored at —-80°C
until processing. In cohort 3, samples were collected at baseline and again three months after BF839 or placebo administration.
To support adequate nutrition and minimize potential seizure triggers, personalized daily dietary guidelines were provided to
participants in cohort 3, avoiding foods such as those containing caffeine or spicy ingredients. 16S rRNA gene sequencing was
performed for cohorts 1 and 3, whereas cohort 2 underwent whole-genome shotgun metagenomic sequencing. Participant charac-
teristics are summarized in Tables S1, S2, and S8.

METHOD DETAILS

Bacteria

BF839 is a non-toxigenic strain of B. fragilis, originally isolated in 1983 from the feces of healthy, well-nourished infants during a study
on normal gut microbiota conducted by Zhang J.J. Based on comprehensive microbiological characterization, functional analyses,
and clinical observations, the strain was identified as a beneficial human commensal and designated BF839 by Zhang J.J. in 1991.
In this study, BF839 was gifted by the Dalian Totem Biological Engineering Co., Ltd. (Originally known as: Dalian Totem Biological
Engineering Research Institute) as a purified bacterial isolate, rather than a commercial probiotic mixture. The product underwent
quality control testing including 16S rRNA sequencing and viable count assessments prior to use in our experiments. The viable
probiotic bacteria were at least 108 CFU/g.
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For bacterial culture experiments, BF839 was cultured under anaerobic conditions at 37°C in modified Gifu anaerobic medium
(GAM). L. reuteri was cultured anaerobically at 37°C in MRS (de Man, Rogosa, Sharpe) medium, with a pH value of 6.0. Cultures
were authenticated by full-length 16S rRNA sequencing.

PTZ-induced seizures and behavioral seizure scoring
All experiments were performed between 9:00 and 12:00. The PTZ-induced seizure model was performed as previously described.
Briefly, 3 mg/mL PTZ was dissolved in sterile 0.9% (w/v) NaCl, followed by intraperitoneal injection of PTZ with a 1 ml syringe every
other day for a total of 12 injections. To ensure unbiased behavioral assessment, all treatment groups (including control and exper-
imental cohorts) were assigned random three-digit codes by an independent researcher not involved in data acquisition or analysis.
Mice were placed in an observation chamber for habituation. During the habituation period (3 min), the volume of PTZ solution for
injection was calculated based on the animal’s body weight and the 30 mg/kg PTZ injection dose. The video recording equipment
was calibrated to exclude group identifiers from the captured footage. Seizure-related behaviors were monitored via continuous
video recording for 30 min following PTZ administration. For blinded behavioral scoring, all video files were anonymized and renamed
using a randomized coding algorithm to eliminate temporal or group-related identifiers. Two certified epileptologists (each with >5
years of clinical and experimental experience in seizure classification) independently evaluated the anonymized recordings. Prior
to scoring, both raters completed standardized calibration using a curated set of reference videos from our laboratory, achieving
a Cohen’s k of 0.85 in pre-study inter-rater reliability assessment. Group assignment remained concealed until the completion of sta-
tistical analyses. Seizure severity was assessed using a modified Racine scale adapted for PTZ-induced seizures, consisting of five
discrete stages: 1) myoclonic jerks, 2) head stereotypy and facial clonus, 3) bilateral and alternating forelimb/hindlimb clonus, 4) rear-
ing and falling, and 5) generalized tonic-clonic episodes. The mean seizure score for each mouse was calculated from the seizure
severity scores recorded during all 11 PTZ-induced seizures. Scoring discrepancies exceeding one stage between raters were
resolved by consensus review with a third independent neurologist, blinded to treatment conditions.

EEG implantation surgery

Mice were anesthetised with isoflurane, placed on a homeothermic blanket and ophthalmic ointment applied. The fur was removed
along the head and the area cleaned with sterile saline, 75% ethanol and iodophor. Using sterile surgical instruments, a 2 cm incision
was made along the dorsal midline from the posterior eye margin to a point midway between the shoulder blades. The mice were
positioned in a stereotaxic instrument and 1 mg/kg lidocaine + 1 mg/kg bupivacaine was applied locally along the incision site.
The skull was cleaned with sterile saline, 75% ethanol and iodophor. Using a 1.0 mm microdrill, the skull was perforated to provide
three small holes for implantation of three subdural electrodes (1 recording, 1 reference, 1 ground). The recording hole was drilled
over the right hippocampus (1.8 mm A-P, + 1.1 mm M-L) and the reference burr hole was drilled anterior to the recording hole
(-1.5 mm A-P, -1.5 mm M-L) to serve as cortical recording leads. Unilateral EEG recording electrodes (0.10” length stainless steel)
were implanted epidurally over the frontoparietal cortex. Sterile acrylic was applied to the dried area. The burr hole was drilled over
the cerebellar region (5.7 mm A-P, 1.25 mm M-L). The subdural screw electrodes were attached to a 3-pin connector (Xinhongnuo
Electronics Co., Ltd, Shenzhen, China), which was fixed to the skull with sterile acrylic.

EEG recording and data analysis

After EEG implantation surgery, the mice were acclimated to the recording environment in the room where the vEEG equipment was
located. EEGs were recorded after the 12th PTZ injection. During EEG recording, the animals were allowed to move freely and had
access to food and water. A pre-amplifier (Solar Electronic Technology Co., Ltd, Beijing, China) was connected to the 3-pin
connector and then to a commutator (Solar Electronic Technology Co., Ltd, Beijing, China). PTZ (30 mg/kg, intraperitoneally) was
then injected. EEG signals were amplified 10-fold and recorded at 2 kHz sampling rate using a bandpass filter (0.5-500 Hz) and Solar
Acquisition System (Solar Electronic Technology Co., Ltd, Beijing, China). Simultaneously, high frame rate video (30 fs) was recorded
using an infrared LED camera (DAHUA Technology Co., Ltd, Hangzhou, China). Seizures were identified on the basis of characteristic
spike patterns in 5 stages: A) low-frequency background with low-voltage spikes, B) synchronized high-frequency, high-voltage
spikes, C) high-frequency, low-voltage spikes, D) unsynchronized high-frequency, high-voltage spikes, and E) high-frequency, burst
spikes. Data were analyzed by a blinded researcher using MATLAB 2019 software. EEG signals were filtered with a 10 Hz high-pass
filter, and seizure events were detected by blinded manual scoring. Seizures were defined as patterns of high-frequency, high-
voltage synchronized heterogeneous spike waveforms with amplitudes at least two times greater than background and lasting
more than 6 s. Average spike frequency per seizure was determined as the number of spikes above baseline per second in a given
seizure and averaged per animal.

Administration of BF839 and antibiotics

Mice were pretreated with BF839 (1 x 10° CFU/day) by gavage for one week, followed by the PTZ-induced seizure model and contin-
uously treated with BF839 until the mice were sacrificed. Antibiotics were administered ad libitum in the drinking water and replaced
every other day with a freshly prepared solution, similar to that described above, containing vancomycin (500 pg/ml), streptomycin
(50 pg/ml), neomycin (100 pg/ml) and gentamycin (100 pg/ml) (mice were treated for one week). Mice were housed in cages and pre-
treated with antibiotics for 3 days. After this pretreatment, BF839 was administered to them by gavage at a dose of 1 x 10° CFU per
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day. Subsequently, the mice were treated with PTZ to induce seizures. Pilot studies showed no significant differences in fecal DNA
concentration or 16S rRNA amplification (indicators associated with bacterial load) between colonization groups.

Microbial counting

Lactobacillus were identified and counted by plate colony-counting method used M.R.S. plates.®® In brief, after the 12th PTZ
injection and different bacteria gavaged, 1g of fresh mice feces from each group were placed in 200 pl of sterile physiological
saline in a 1.5-ml screw-top microcentrifuge tube. Samples were homogenized for 2 min at 8000r/min, and then spin down 30 s
at 1000 rpm and take out supernatants. The seven 1/10 dilutions for the supernatants were made and plated on M.R.S at 37°C
under anaerobic conditions. Three randomly selected colonies in the plate were identified by 16S rRNA gene PCR with using
primers 338F (5’-ACTCCTACGGGAGGCAGC-3’) and 806R (5’- GGACTACHVGGGTWTCTAAT-3’). 16S rRNA gene sequence
data was characterized by BLAST analysis.

16S rRNA sequencing-based microbial profiling

Fecal samples from each mouse were collected and sent to Oebiotech Biomedical Technology Co., Ltd (Shanghai, China). Total bac-
terial DNA extraction and sequencing was performed according to standard protocols.®° Briefly, the hypervariable regionV3&V4 of
bacterial 16S rRNA gene were captured using the lllumina Nextera protocol and a single amplicon of about 460 bp was amplified as
described in the lllumina protocol. The PCR product was cleaned using Agencourt AmpureXP beads from Beckman Coulter Geno-
mics. lllumina adaptor and barcode sequences were ligated to the amplicons in order to attach them to MiSegDx flow cell and
for multiplexing. Quality and quantity of each sequencing library was assessed using Bioanlyzer and PicoGreen measurements,
respectively. About 6 pM of pooled libraries was loaded onto a MiSeqgDX flow cell and sequenced using PE300 (Paired end
300 bp) v3 kit. Raw fastq files were demultiplexed based on unique barcodes and assessed for quality. Samples with more than
50 K QC pass sequencing reads were used for downstream 16S operational taxonomic units (OTU) analysis. OTU were selected
using the de novo OTU picking protocol with a 97% similarity threshold.

Metagenomic sequencing and taxonomic profiling

Fecal DNA was extracted using the QlIAamp DNA Stool Mini Kit (QIAGEN) following the manufacturer’s instructions. Extracted DNA
samples were assessed for quality, and those passing quality control were randomly sheared into ~350 bp fragments using a Covaris
ultrasonicator. Fragmented DNA underwent end repair, A-tailing, adapter ligation, purification, and PCR amplification to generate
sequencing libraries. Libraries that met quality standards were subjected to high-throughput sequencing.

Library preparation and metagenomic shotgun sequencing were performed on the lllumina HiSeq 4000 platform, generating
150 bp paired-end reads with a target depth of >6 Gb per sample (ShenZhen Chi-Biotech Co., Ltd.). Raw reads were processed
to remove adapter sequences and low-quality reads. Host-derived contamination was filtered out by aligning reads to the human
reference genome (hg38) using Bowtie 2. Taxonomic profiling of the resulting clean reads was conducted using Krona (v2.8.1)
with default parameters.

Sparse labeling of hippocampal neurons

Morphological markers of hippocampal neurons used by rAAV-NCSP-YFP-2E5 viruses.’® The mice were injected into the hippocam-
pus (AP: 1.8 mm from the bregma; LM: 1.1 mm to the sagittal suture; DV: 1.95 mm in depth relative to the skull) using a Hamilton
syringe (84851, Hamilton, Bonaduz) at a rate of 20 nL/min (total 100 nL) after the 12th injection. After anesthesia, the mice were placed
on the stereotaxic apparatus. Virus was aliquoted and stored at -80°C, and virus titers were greater than 102 virus particles per mL.

Golgi staining

Golgi staining was examined by using the frozen section Neuron Golgi Staining Kit (Genmed Co., Shanghai, China). According to the
manufacturer’s instructions, mouse brains were immersed in a solution consisting of Solutions A and B (1:1) for 14 days in the dark.
Next, the brains were transferred to Solution C for at least 48 h at 4°C in the dark. The brains were then sectioned in a microtome
(microtome cryostat 6250, DAKEWE, China) to a thickness of 100 pm. Solutions D and E were used for staining the sections. Finally,
the images of dendritic segments were scanned using microscopes (Zeiss Apotome 2, Germany) under brightfield conditions.
Dendrite density and length of dendritic spines were quantified with Image J.

UPLC-MS/MS

The intestine was removed after the 12th PTZ injection. The levels of neurotransmitters in intestinal tissues were determined by
UPLC-MS/MS. Mice were deeply anesthetised with isoflurane. Intestinal tissue samples were then collected from each mouse
and sent to Oebiotech Biotechnology Co., Ltd (Shanghai, China) for analysis. In brief, gut tissue extraction methods were carried
out according to the chemical characteristics of multi-targeted metabolites. 500 pL ice-cold acetonitrile-Isopropanol-water (3:3:2,
v/v, containing IS) was added into the freeze-dried samples (0.5 mg), then placed into 2 steel balls and grind with a grinder
(60 Hz, 2 min). Afterward, the whole samples were extracted by ultrasonic for 10 min in ice-water bath, and samples were placed
at -20°C for 30 min. Then centrifuged at 4°C (13,000 rpm) for 10 min and remove 50 pL of supernatant to sample vials. Then the su-
pernatant (50 pL) was dried under a nitrogen stream and re-dissolved in 450 pL of water (containing IS), extracted by ultrasonic for
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5 min in ice-water bath, and then filtered through a 0.22 pm organic phase pinhole filter for subsequent UPLC-MS/MS analysis. Liquid
chromatography was performed on an AB ExionLC (AB SCIEX, Framingham, MA). An ACQUITY UPLC HSS PFP (100 mmx2.1 mm,
1.8 um) was used for analysis. Injection volume was 5 pL. Mass spectrometry was performed on the AB SCIEX Selex ION Triple
Quad™ 5500 System, with an electrospray ionization (ESI) source, operating in both positive and negative ion mode. Nitrogen
was employed as the collision gas. Intestinal tissue metabolites were analyzed in multiple reaction monitoring (MRM) mode. The
MRM pairs, declustering potentials and collision energies were optimized for each analyte. Data acquisitions and further analysis
were conducted using Analyst software. SCIEX OS-MQ software was used to quantify all metabolites.

HPLC/MS analysis

The levels of ChAT and GABA in the vagal ganglia, sera and hippocampus were assessed by using HPLC/MS. HPLC/MS analysis was
conducted using an Agilent MSD/QTOF 6545 system (Agilent Technologies, Germany) coupled with an HPLC/1290Il. The instrument
was configured with the following parameters: ESI source nebulizer gas (N2) at a flow rate of 6 L/min, operating at a temperature of
300°C and a pressure of 20 psig. Sheath gas was set to flow at 10 L/min, with a temperature of 320°C, Vcap at 3500 V, skimmer at
65V, OCT RF at 750V, fragmentor at 145V, nozzle at 500 V. Mass scanning was conducted in positive mode within the m/z range of
80-3200, calibrated using online standard reference ions at 121.05 and 922.01. For chemical separation, a mobile phase consisting
of water and acetonitrile, both with 0.1% formic acid, was employed to elute the sample from an Agilent Extend 300-C18 column
(4.6 x 150 mm, 3.5 pm) at a flow rate of 0.3 ml/min. The gradient elution program spanned 14 min, starting at 3% acetonitrile and
increasing to 9% at 10 min, holding at 95% for 3 min, and finally returning to 3%.

Tissue dissection, immunofluorescence, and quantification

Mice were deeply anesthetized with isoflurane and perfused with 4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS, pH 7.4). The tissues of PTZ-induced mouse model were dissected and fixed in 4% paraformaldehyde for 24 h and trans-
ferred to 30% sucrose in PBS. Tissues were sectioned on a microtome (microtome cryostat 6250, DAKEWE) at 35 pm. Tissues
slices were stored in cryoprotectant solution (30% sucrose (w/v), 30% ethylene glycol (v/v), 1% PVP-40 (w/v), and 50 mM PBS)
at -20°C. After 4 x 10 min washing in PBS containing 0.2% Triton X-100 (PBST), tissues were blocked in 3% normal goat serum
(NGS) for 90 min, then incubated in primary antibodies diluted in 3% NGS for 12-24 h at 4°C, then washed in PBST, and
incubated in secondary antibodies diluted in 3% NGS for 1-2 days at 4°C. Tissues were then washed thoroughly in PBST
and mounted for imaging. Antibodies used were rabbit anti-ZO1 tight junction protein antibody, rabbit anti-Occludin,
mouse anti-ChAT, rabbit anti-tyrosine hydroxylase, rabbit synapsin-1, rabbit anti-PGP9.5, mouse anti-pErk1 and secondary
Alexa Fluor 488 or 594. Images were acquired using a Zeiss inverted confocal microscope (Zeiss LSM880 Airyscan, Germany)
with x10, x20 or x63 objectives and processed using Fiji software. Monochrome images were rendered to emphasize differ-
ences in intensity. For each region of interest, a maximum z-projection of a fixed number of image stacks with Occludin signals
was created, and the average fluorescence intensity was calculated for each sample. ChAT, Occludin and ZO-1 staining were
carefully quantified in each slide by capturing ten randomly chosen fields in a blind manner by two experienced experts. These
data were analyzed using software Image J (1.52 v). p-ERK1 immunoreactive cell densities were quantified using unbiased ste-
reology and expressed as the number of positive cells per mm?®. Total cell counts were estimated using DAPI staining, and the
proportion of marker-positive cells was calculated relative to total DAPI-positive nuclei within the same volume.®’

Colon viral injection

The viral constructs (PRV-CAG-EGFP, AAV-ChAT-DIO-EGFP, AAV-ChAT-DIO-hM3Dg-EGFP, AAV-ChAT-DIO-taCasp3-TEVp-
EGFP) were loaded into a glass pipette connected to a microsyringe pump (Nanoject Il #3-000-207, DRUMNOND). Multiple
0.03 pl injections were made at 0.01 pl/s into each submucosal puncture. Each animal received a total volume of 1pl in the colon.
Five days after the viral injection, mice were deeply anesthetized with isoflurane and perfused with 4% paraformaldehyde in
0.1 M phosphate-buffered saline (PBS, pH 7.4). The brain was dissected and fixed in 4% paraformaldehyde for 24 h and transferred
to 30% sucrose in PBS. And sectioned on a microtome (microtome cryostat 6250, DAKEWE) at 35 pm. Brain slices were stored in
cryoprotectant solution (30% sucrose (w/v), 30% ethylene glycol (v/v), 1% PVP-40 (w/v), and 50 mM PBS) at -20°C. After 4 x 10 min
washing in PBS, brain was then washed thoroughly in PBST and mounted for imaging.

NG viral injection

The vagus nerve was separated from the carotid artery with a surgical hook (RWD Life Science, China) until the jugular-NG became
accessible. Viral aliquots (AAV-Retro-CAG-EGFP, RV-EnvA-AG-mCherry-Cre, AAV-hSyn-T2A-TVA, AAV-hSyn-RVG) were loaded
into a glass pipette connected to a microsyringe pump (Nanoject Il #3-000-207, DRUMNOND). For each NG, a total 0.5 pl volume
was delivered into two sites, rostral and caudal to the laryngeal nerve branch, at 0.2 pl/min using a glass pipette mounted on a micro-
syringe pump (Nanoject Il #3-000-207, DRUMNOND). After 4 weeks, mice were deeply anesthetized with isoflurane and perfused
with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4). The gut and NG were dissected and fixed in 4% para-
formaldehyde for 24 h and transferred to 30% sucrose in PBS. And sectioned on a microtome (microtome cryostat 6250, DAKEWE) at
35 pm. Gut and NG slices were stored in cryoprotectant solution (30% sucrose (w/v), 30% ethylene glycol (v/v), 1% PVP-40 (w/v), and
50 mM PBS) at -20°C. After 4 x 10 min washing in PBS, NG were then washed thoroughly in PBST and mounted for imaging. Gut
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slices were blocked in 3% normal goat serum (NGS) for 90 min, then incubated in mouse anti-ChAT diluted in 3% NGS for 12-24 h at
4°C, then washed in PBST, and incubated in secondary antibodies diluted in 3% NGS for 1-2 days at 4°C. Gut slices were then
washed thoroughly in PBST and mounted for imaging.

Unilateral cervical vagotomy

Mice were anesthetised with isoflurane. A midline abdominal incision was made through the skin and muscle. An incision was made in
the neck to expose the esophagus, and the left vagal ganglia branches were gently pulled apart from the esophagus to expose them.
The vagal trunks were resected. Control mice received sham surgery, which included all surgical procedures except vagotomy.

Vagus nerve stimulation

Mice were deeply anesthetised with isoflurane and a bipolar cuff electrode (300 pm cuffs, 2 channels, Samtec16 connector, Kedou
Brain-computer Technology Co., Ltd, Suzhou, China) was implanted on the vagal nerve. The vagal nerve was accessed through a
ventral cervical incision and the nerve was bluntly dissected from the carotid sheath. The cuff was tunneled subcutaneously from
an incision at the base of the dorsal skull to the ventral cervical incision. The vagal nerve was placed in the cuff. The ventral cervical
incision was sutured with 6-0 absorbable sutures. The dorsal skull was cleaned with saline and ethanol, and electrical connectors
were fixed to the skull with dental cement (19-7220, HUAYON Technology Co., Ltd, Shenzhen, China). Stimulation efficacy was
measured using peripheral biomarkers such as changes in respiratory rate and heart rate reduction on the day of surgery.’ Mice
were monitored for 7 days to ensure proper recovery from surgery before subsequent experiments. For all VNS experimental groups,
VNS was set at 10 Hz with a pulse width of 0.5 ms, which was cycled continuously for 5 min. Current amplitudes were 0.1 mA.
Stimulation parameters were controlled and delivered using a RIGOL DHOB800 system (RIGOL Technologies, Beijing, China)
connected to a stimulation isolation unit (A-M Systems, Model 2200 analogue stimulus isolator, USA) to control the current. After
10 PTZ injections, VNS was performed 30 min before the final injection.

Vagus nerve recording

For vagal nerve activity recording, the bipolar cuff electrode (300 pm cuffs, 2 channels, Samtec16 connector, Kedou Brain-computer
Technology Co., Ltd, Suzhou, China) was used. The implantation procedure is the same as for vagal nerve stimulation. The bipolar
cuff electrode has the function of recording the electrogram using the Apollo Il high-throughput neural recording system.

Vagus nerve recording during a seizure

After a 7-day recovery period, we officially commenced this experiment. Prior to the administration of PTZ (pentylenetetrazol), we first
recorded the basal vagus nerve firing rate of the mice while they were in a conscious state. Immediately after, we administered a
30 mg/kg solution of PTZ to the mice and continuously monitored changes in their vagus nerve firing rate for the next half hour.
Vagus nerve recordings under different treatments

Vagus nerve recordings under different treatments were performed in wild-type mice. The mice were anesthetized with 2.5% isoflur-
ane delivered in 100% oxygen and positioned supine. During surgical procedures, the isoflurane concentration was maintained at
2.0%. Following successful isolation of the target nerve, the anesthesia level was reduced to approximately 1.75% isoflurane for
electrophysiological recordings.®’ The implantation the cuff recording electrode in vagus nerve procedure is the same as for vagal
nerve stimulation. Next, a 20-gauge gavage needle with three connected tubes for saline perfusion, ACh and BF839 delivery
was surgically inserted through the stomach wall into the proximal colon distal to the cecum. A perfusion exit incision was made
at the proximal to the rectum for colon. Saline was constantly perfused through the isolated intestinal region at ~400 pl/min as a
within-subject baseline and volume pressure control. Stimulation conditions were applied after recording 2 min of baseline activity.
During ACh/ BF839 stimulation conditions, saline perfusion was continuous, and 200 pl of stimulant was delivered 1 min with a glass
pipette connected to a microsyringe pump (Nanoject Ill #3-000-207, DRUMNOND). The 1-min infusions of each stimulation were
separated by at least 6 min or the return to baseline firing rate, whichever came first. Throughout experiments, ACh response was
used as a positive control. For all stimulation conditions, data were excluded if a stable ACh response was not seen throughout
the recording session. Each mouse received different stimulations in addition to the ACh positive control. All stimulations were
dissolved in PBS. The following final concentrations for each infused stimulation were used: 5mM ACh, 1 x 10° CFU BF839,
1 mM mecamylamine.

Data acquisition and analysis

The spike detection method was adapted from vagal nerve activity signals and analysed using Neuroexplorer software.?® The firing
rate was calculated using a Gaussian kernel smoothing algorithm in 200-ms bins. Each trial the firing rate was normalized to the
average firing rate of the saline over 10 min to serve as its own control.

Intrahippocampal kainic acid injection

Mice were anesthetized with isoflurane (5% for induction, 2% for maintenance) and placed in a stereotaxic frame. A midline scalp
incision was made to expose the skull, and cranial sutures (bregma and lambda) were identified. A burr hole was drilled above
the right hippocampus (coordinates: —2.0 mm anteroposterior (AP), +1.5 mm mediolateral (ML) relative to bregma). Kainic acid
(KA; 200 ng in 50 nl saline, Bio-Techne) was injected into the dorsal hippocampus (—1.8 mm dorsoventral (DV) from the dura) using
a Hamilton Neuros syringe (Nanoject lll #3-000-207, DRUMMOND) mounted on an automated injection pump at a rate of 100 nl/min.
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Following infusion, the needle was left in place for 5 min before being slowly withdrawn, after which the incision was closed to com-
plete the surgery. Throughout the procedure, body temperature was maintained at 37°C using a thermoregulated heating pad. As a
result of KA injection, mice developed status epilepticus and exhibited behavioral seizures post-surgery.

Immunohistochemical analysis

At 3 h after the EEG experiment, mice were transcardially perfused with saline, and brains were dissected and post-fixed in 4% para-
formaldehyde for 24 h at 4°C. Brain tissue was embedded in paraffin and sectioned into 5-pm coronal slices. For histological analysis,
immunohistochemistry was performed using antibodies including c-Fos (1:200). For c-Fos immunohistochemistry, we followed an
established protocol based on previous research.?*°° Sections were preincubated with 3% H-0- in PBS for 15 min at 25°C to quench
endogenous peroxidase activity, followed by three washes with PBS (10 min each). Blocking was done with 2.5% NGS in PBS
containing 0.1% Tween 20 for 1 h. Sections were then incubated with mouse anti-c-Fos antibody (1:300; ab208942, Abcam) diluted
in PBS with 2.5% NGS and 0.1% Tween 20 overnight at 4°C. After washing, sections were incubated with biotinylated anti-mouse
IgG (1:300; Vector Laboratories) for 2 h at 25°C, followed by ABC kit (Vector Laboratories) treatment according to manufacturer in-
structions. Signal was developed using diaminobenzidine (DAB) substrate (Vector Laboratories), and sections were washed, dried,
and mounted. Stained sections were scanned with a Pannoramic MIDI whole-slide scanner (3DHISTECH, Budapest, Hungary), and
images of the CA1, CA3, and DG regions were acquired using SlideViewer software.

Chemogenetic manipulation of the colonic ChAT*-vagus nerve pathway

We used a Cre-dependent taCasp3-based ablation vector (AAV-DIO-taCasp3-TEVp-EGFP) to selectively ablate ChAT* cells. Viral
vectors were used to express either the control fluorophore EGFP or the engineered caspase-3 variant (taCasp3). taCasp3 contains
a TEV protease (TEVp) recognition motif inserted at its intrinsic cleavage site (between residues D175 and S176). Co-expression of
TEVp activates taCasp3 through site-specific proteolysis, thereby inducing apoptosis in targeted neurons.

For chemogenetic activation, we used an AAV-ChAT-DIO-hM3Dqg-EGFP viral vector, which enhances neuronal activity upon
administration of a designer drug. EGFP, taCasp3-TEVp, or hM3Dq were selectively expressed in colonic ChAT" cells using a
Cre-dependent dual-virus strategy. Specifically, the colon was infused with AAVs carrying double-floxed inverted open reading
frames (AAV-ChAT-DIO-EGFP, AAV-ChAT-DIO-taCasp3-TEVp-EGFP, or AAV-ChAT-DIO-hM3Dg-EGFP), while the vagus nerve
was infused with a retrograde rabies virus (RV) vector encoding Cre recombinase (RV-EnvA-AG-mCherry-Cre) together with helper
viruses (AAV-hSyn-TVA and AAV-hSyn-N2cG). Viral volumes of ~200-500 nL were delivered per site at a rate of 5 nL/s. Following
RV injection, viral expression was allowed for 3-5 days before behavioral testing. hM3Dq was activated by systemic administration
of the designer drug Deschloroclozapine (DCZ), prepared in 5% DMSO and 0.9% saline. Intraperitoneal injections (1 mg/kg) were
performed 5-10 min before PTZ-induced seizures or vagus nerve recordings to induce neuronal activation.

The co-cultivation of B. fragilis and L. reuteri

BF839 and L. reuteri were co-cultured on a tissue culture plate insert (Guangzhou Jet Bio-Filtration Co., Ltd. TCS-016-012, 0.4 pm)
with two compartments separated by a polycarbonate membrane with a pore size of 0.4 pym, enabling metabolic exchange between
BF839 and L. reuteri through the polycarbonate membrane. BF839 was located in the inner chamber while L. reuteri was placed in the
outer chamber, as illustrated in Figure 6T. The initial inoculum size for BF839 was 1 OD, whereas for L. reuteri, it ranged from 0 to 0.05
OD. Subsequently, every 24 h, corresponding bacterial suspensions were added into the new chamber until 96 h, and then the OD
values of bacterial suspensions at each time point were measured using Enzyme-linked immunosorbent assay (Tecan infinite M200
Pro, Switzerland) reader of 600 nm.

In vivo co-cultivation of BF839 and L.reuteri was conducted by administering mice with BF839 (1 x 10° CFU), L. reuteri (1 x 10° CFU),
and a mixed solution containing BF839 (5 x 108 CFU) and L. reuteri (5 x 108 CFU) daily for 5 consecutive days. Subsequently, fresh mice
feces from each group of mice were weighed, and 1g of feces was placed into a centrifuge tube. Sterile physiological saline (200 pL) was
added and mixed through grinding. After homogenizing the feces for 2 min at 8000 r/min, they were centrifuged for 30 s at 1000 rpm to
separate the supernatants. These supernatants underwent seven sequential 1/10 dilutions and were plated onto MRS agar. The plates
were incubated at 37°C under anaerobic conditions. For identification, three colonies were randomly selected from each plate and
subjected to 16S rRNA gene PCR using the primers 338F (5'-ACTCCTACGGGAGGCAGC-3’) and 806R (5’- GGACTACHVGGGTWTCT
AAT-3’). The resulting 16S rRNA gene sequences were analyzed using BLAST to determine their identity. This identification process was
performed to confirm the presence of L. reuteri, in the feces following the in vivo co-cultivation experiment described previously.

The co-culture of L. reuteri with BF839 and E. coli separately in nutrient plate supplemented with 0.5% yeast extract. Dilute L. reuteri,
BF839, and E. coli with an initial concentration of 1 + 0.2 OD by a factor of 1,000,000. Then, take 100 pL of both BF839 and E. coli and mix
them separately with L. reuteri for plating using nutrient agar medium at 37°C under anaerobic conditions for 96 h. Three randomly
selected colonies in the plate were identified by 16S rRNA gene PCR with using primers 338F (5’-ACTCCTACGGGAGGCAGC-3’)
and 806R (5’- GGACTACHVGGGTWTCTAAT-3’). 16S rRNA gene sequence data was characterized by BLAST analysis.

Metabolic predictions

The microbial community metabolic modeling (MICOM) was used to predict the metabolic output of individual gut microbial commu-
nities.®® All metagenome-scale metabolic models were built with AGORA genus model database (agora201_gtdb207_genus.qza)
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and the standard diet gut medium (COBRApy package).”® Community growth rates were optimized using MICOM’s cooperative
trade-off strategy, which balances individual taxon growth and overall community growth. The optimal trade-off value was identified
using the trade-off function and applied in subsequent growth simulations with the grow function. The resulting models provided
individual and community-level growth rates as well as predicted fluxes of metabolite production and consumption (reported in
mmol/[gDW-h]).

Clinical observational study

Interventions

The treatment plan for BF839 is as follows: (1) Treatment group: The children received BF839 as directed, with dosages determined
according to their age. Children under 3 years of age were administered half of a sachet in the morning and evening. Children aged
between 3-6 years were administered one sachet (4 x 10° CFU) in the morning and half of a sachet in the evening. For children aged
over 6 years, they were administered one sachet in the morning and evening. BF839 was dissolved in warm water at 45°C. The
treatment duration was 3 months. (2) Placebo group: The children were instructed to take a placebo (100% Maltodextrin, 10g/per
time) as required, with the dose determined by age. Those aged under 3 years were administered half of a sachet in the morning
and evening. Those aged between 3-6 years old were administered one sachet in the morning and half of a sachet in the evening.
For those aged over 6 years, they were administered one sachet in the morning and evening. The placebo was dissolved in warm
water at 45°C. The treatment duration was 3 months. The placebo group received compensation with a trial of BF839 after the
end of the study. The children had to maintain the original antiseizure medication regimens for 1 month before and after enroliment.
Moreover, the children were not allowed to take other types of probiotics supplements during the trial. In line with the principle of
protecting the safety of the participants, if a child developed status epilepticus, serious adverse reactions, or a significant increase
in seizure frequency during the study, the trial could be discontinued with the investigator’s consent, and the appropriate treatment
would be provided.

Outcomes

The primary outcome measure of the BF839 clinical trial is efficacy rate of seizure frequency reduction. Changes in seizure frequency
regarding the major seizure types were assessed monthly (28 days) from baseline to 3 months after probiotics treatment. Efficacy
was defined as the proportion of participants who achieved either a >50% reduction in seizure frequency or complete seizure cessa-
tion. Secondary outcomes included changes in gut microbiota composition assessed by 16S rRNA sequencing.

Sample size estimation

Due to the impact of the global COVID-19 pandemic, we re-evaluated the sample size and adjusted the anticipated loss-to-follow-up
rate. According to the results of existing clinical studies, we assumed an efficacy rate of 42.9%°” for the experimental group and 5% “°
for the control group; 19 participants per group were needed at 5% significance with 85% power. Taking into account a 35% loss-to-
follow-up rate, we estimated the sample size to 60 participants.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

For animal experiments, quantitative analyses were performed using Prism 8.0 or Origin 2024, as indicated in each figure legend.
Data distributions were evaluated for normality and are presented as mean + SEM. For each figure, n refers to the number of inde-
pendent biological replicates. Normality was assessed using the D’Agostino-Pearson test. For normally distributed data, two-tailed
Student’s t tests were used for comparisons between two groups, and one-way ANOVA followed by Tukey’s multiple-comparisons
test was used for comparisons across multiple groups. For non-normally distributed data, two-tailed Mann-Whitney U tests or
Welch’s t tests were used for two-group comparisons, and Kruskal-Wallis tests followed by Dunn’s multiple-comparisons test
were applied for comparisons among three or more groups. Categorical variables were summarized as frequencies and percentages,
and group differences were assessed using chi-squared or Fisher’s exact tests.

For the clinical study, data were analyzed using SPSS 24.0 without imputation for missing values, as no reliable imputation
method exists for 16S rRNA sequencing data; patients lost to follow-up were excluded from analysis. Normally distributed contin-
uous variables are presented as mean + standard deviation and analyzed using two-tailed Student’s t tests. Non-normally distrib-
uted variables are presented as median (interquartile range) and analyzed using two-tailed Mann-Whitney U tests. Categorical
variables are reported as counts (percentages) and analyzed using Fisher’s exact test, which was applied to the primary efficacy
endpoint (seizure frequency reduction rate). Gut microbiota data in figures are displayed as mean + SEM. Normality was assessed
using the D’Agostino-Pearson test. Statistical significance was defined as p < 0.05.

Image preparation

EEG data were analyzed and visualized using MATLAB 2019, and three-dimensional image reconstruction was performed with Imaris
Viewer 10. All images and figure layouts were prepared using Adobe lllustrator CC 2019.
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