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Summary

Objective.—We examined whether post-traumatic epilepsy (PTE) is associated with measurable 

perturbations in gut microbiome.

Methods.—Adult Sprague-Dawley rats were subjected to Lateral Fluid Percussion Injury (LFPI). 

PTE was examined 7 months after LFPI, during a 4-week continuous video-EEG monitoring. 

16S ribosomal ribonucleic acid gene sequencing was performed in fecal samples collected before 

LFPI/sham-LFPI and 1 week, 1 and 7 months thereafter. Longitudinal analyses of alpha diversity, 

beta diversity, and differential microbial abundance were performed. Short-chain fatty acids 
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(SCFA) were measured in fecal samples collected before LFPI by Liquid Chromatography with 

Tandem Mass Spectrometry.

Results.—Alpha diversity changed over time in both LFPI and sham-LFPI subjects; no 

association was observed between alpha diversity and LFPI, the severity of post-LFPI neuromotor 

impairments, and PTE. LFPI produced significant changes in beta diversity and selective changes 

in microbial abundances associated with the severity of neuromotor impairments. No association 

between LFPI-dependent microbial perturbations and PTE was detected. PTE was associated with 

beta diversity irrespective of timepoint vis-à-vis LFPI, including at baseline. Preexistent fecal 

microbial abundances of four amplicon sequence variants belonging to the Lachnospiraceae family 

(three enriched and one depleted) predicted the risk of PTE with area under the curve (AUC) of 

0.73. Global SCFA content was associated with the increased risk of PTE with AUC of 0.722, and 

with 2-Methylbutyric (depleted), valeric (depleted), isobutyric (enriched) and isovaleric (enriched) 

acids being most important factors (AUC of 0.717). When the analyses of baseline microbial and 

SCFA compositions were combined, AUC to predict PTE increased to 0.78.

Significance.—While LFPI produces no perturbations in the gut microbiome that are associated 

with PTE, the risk of PTE can be stratified based on preexistent microbial abundances and SCFA 

content.

Keywords

Fluid percussion injury; post-traumatic epilepsy; random forest classifier; microbiota; short-chain 
fatty acids

Introduction

Perturbations in gut microbiome have been well established after traumatic brain injury 

(TBI)1–9. Top-down, TBI impairs normal composition and function of gut microbiota, 

presumably through the dysregulation of autonomic nervous system10. Bottom-up, TBI-

induced gut dysbiosis contributes to chronic neurological and neuropsychiatric sequela 

of brain trauma through the disruption of microbial products that are relevant to normal 

brain function7; 10. Examples of these products are molecules pertinent to inflammation, 

metabolism of gamma-aminobutyric acid, serotonin, dopamine, and short-chain fatty 

acids (SCFA)2; 11; 12. Potential outcomes include, but are not limited to impaired 

blood-brain barrier integrity, neurogenesis, microglia activation, myelination, and neuronal 

excitability11–14.

Studies examining the role of gut microbiome in brain disorders have been increasingly 

focusing on SCFA. SCFA are a major product of gut bacteria metabolism and are 

involved in blood-brain barrier permeability, innate immunity, histone acetylation, microglia 

function, and neuronal excitability13; 15–17. SCFA have been depleted in fecal samples 

after experimental TBI in mice, while their administration improved TBI-induced cognitive 

dysfunction2.

Post-traumatic epilepsy (PTE) is a common outcome of TBI18. There is a growing evidence 

that epilepsy is associated with altered composition of gut microbiome19–24. Studies 

involving microbiome transfer showed that microbiota taken from epilepsy-prone animals 
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and transplanted in naïve subjects enhanced in the latter the susceptibility to epilepsy25; 26. 

Conversely, antiepileptic effects of ketogenic diet have been attributed to the modulation of 

gut microbiota27.

While the contribution of dysbiosis induced by precipitating insults (e.g. TBI) to brain 

disorders receives most attention, a less commonly discussed aspect is whether natural 

variations in gut microbial composition influence the vulnerability to a disease, including 

epilepsy23. Some evidence suggest that premorbid microbiome variations, when combined 

with other risk factors (e.g. genetic traits or dietary/nutritional specifics), may promote 

autoimmune disorders28, depression, anxiety29, Parkinson’s disease30 and epilepsy22.

Using a model of TBI-PTE continuum, lateral fluid percussion injury (LFPI) in the rat31–33, 

we investigated whether preexistent and/or TBI-induced alterations in microbial composition 

are associated with PTE. Further, considering the importance of SCFA in regulating 

epilepsy-relevant processes, we analyzed fecal content of SCFA vis-à-vis the susceptibility 

to PTE.

Methods

Subjects.

Female and male Sprague-Dawley rats (Charles River, Wilmington, MA), 50–60 days old, 

350–450 g at the beginning of the study. The animals were singly housed at 20–25°C, 

12 h normal light–dark cycle (Zeitgeber time [ZT] 0 = 7:00), with standard rodent chow 

(LabDiet 5001, LabDiet, St. Louis, MO, USA) and tap water ad libitum. The procedures 

were approved by the UCLA Animal Research Committee and by the Animal Care and Use 

Review Office of the United States Army Medical Research and Materiel Command.

Lateral Fluid Percussion Injury (LFPI) was performed as described31; 32. Details are in 

Supporting Information.

Neuromotor impairments.

In our studies31 such LFPI parameters as pressure pulse, apnea, the suppression of toe 

pinch and righting reflexes had no statistical association with gastrointestinal dysfunction 

following LFPI; conversely, the extent of neuromotor impairments one day after LFPI 

positively correlated with the disruption of intestinal barrier. For this study, we chose 

LFPI-induced neuromotor impairments, measured using composite neuromotor score31; 34, 

for examining the association between TBI and dysbiosis. Motor tasks included forelimb 

contraflexion, hindlimb flexion, lateral pulsion, and the ability to maintain position on the 

angled board (details are in the Supporting information). One day prior to LFPI, the animal 

was examined in all tasks, with the individual baseline score set at 28. One and seven days 

after LFPI, the tasks were repeated, with points deducted for each failure. Based on the 

conservative assessment of data distribution, rats with post-LFPI neuromotor score of ≤13 

were defined as severely impaired, ≥14 and ≤24 as moderately impaired, and ≥25- as mildly 

or not impaired.
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Fecal sample collection.

Fecal samples were collected from each animal one day before LFPI/sham LFPI, and one 

week, one and seven months thereafter. Between ZT3 and ZT4 the rat was placed in the 

autoclaved cage; 4–6 fecal boluses were collected immediately after defecation, frozen on 

dry ice, transferred into micro tubes (Rnase-, Dnase-, DNA-, pyrogen-, endotoxin-free), and 

stored at −80°C.

Monitoring of spontaneous seizures was performed independently in different rats by 

two groups - Mazarati and Staba. After the final sample collection, LFPI animals were 

randomized, with half of them transferred from the Mazarati’s to the Staba’s lab for 

seizure monitoring. For the analysis, data obtained by each group were combined. Seizure 

monitoring started 7 months after LFPI, after the last fecal sample collection, 1 week 

after surgery to implant recording electrodes, and continued for 4 weeks. Details are in 

Supporting Information. An electrographic seizure was defined as high-amplitude rhythmic 

discharges that represents a new pattern of activity (repetitive spikes, spike-and-wave 

discharges, and slow waves) that lasted ≥10 sec, showed evolution in pattern, frequency 

or field, and culminated in postictal depression35 (examples are in supporting information 

Fig. S1). The animal was considered to have epilepsy if during the 4-week observation 

period it presented with at least one electrographically identifiable seizure, notwithstanding 

its behavioral correlate.

16S ribosomal ribonucleic acid (rRNA) gene sequencing.

DNA was extracted from fecal samples using the ZymoBIOMICS DNA Microprep Kit 

(Zymo Research, Irvine, CA, USA) per the manufacturer’s protocol. The V4 hypervariable 

region of the 16S ribosomal RNA gene (515F/806R) was sequenced by 2×250 paired-end 

sequencing using an Illumina NovaSeq 6000 S prime flow cell36. The raw sequences were 

processed using the DADA2 pipeline in R to generate amplicon sequence variants (ASV) 

and taxonomy was assigned using the SILVA 138 database37, to provide fine taxonomic 

resolution that can differentiate bacterial species38. One sample with less than 35,000 

sequences was excluded from the analysis. The sequence depth of the remaining samples 

ranged from 35,412 to 476,868, with a mean depth of 118,882.

Measurement of short-chain fatty acids (SCFA).

Fecal samples collected before LFPI, were analyzed for eight SCFA: acetic, propionic, 

isobutyric, butyric, 2-methylbutyric, isovaleric, valeric and hexanoic. Samples were analyzed 

at Metabolon Inc. (Morrisville, NC, USA) by means of Liquid Chromatography with 

Tandem Mass Spectrometry, using a proprietary Metabolon Methods TAM135: “LC-MS/MS 

Method for the Quantitation of SCFA (C2 to C6) in Feces”. Details are in Supporting 

Information.

Sample sizes.

Repeated microbiome analysis vis-à-vis neuromotor score was performed in 60 LFPI rats, 

vis-à-vis PTE- in 50 LFPI rats (18 with PTE and 32 without PTE), as well as in 21 

sham-LFPI subjects. SCFA were analyzed in samples from 48 rats, collected before LFPI- 
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18 rats that would proceed to develop PTE, and 30 rats that would not develop PTE; samples 

from two rats of the “no PTE” category were randomly excluded due to procedural specifics. 

Further details are in Supporting Information.

Data analysis

Microbiota.—ASV count data was analyzed using the PhyloSeq package in R39. Alpha 

diversity (i.e. a measure of microbial diversity within a fecal sample of an individual 

rat) was assessed by calculating the Shannon index, which incorporates both microbial 

richness (i.e. how many ASVs were detected) and evenness (i.e. how evenly distributed 

the relative abundances of ASVs were in a sample) with data rarefied to 35,000 sequences/

sample. Statistical significance was assessed using linear mixed effects models with subject 

as a random effect. Non-rarefied data was then filtered to remove ASVs present in less 

than 10% of samples; then, beta diversity (i.e. a measure of similarity/dissimilarity of 

microbial profiles between different groups of rats) analysis was performed using Bray-

Curtis dissimilarity. Results were visualized by principal coordinates analysis. Repeated 

measures aware PERMANOVA was performed with 100,000 permutations to determine 

statistical significance of differences in beta diversity40; 41. Differential abundance testing 

was performed using non-rarefied 16S rRNA sequence data filtered to remove ASVs 

present in less than 25% of samples. The resulting filtered datasets were analyzed by 

mixed effects models implemented in Microbiome Multivariable Association with Linear 

Models (MaAsLin2) using log-transformed relative abundance data42. P-values for variables 

in the linear models were converted to q-values to correct for multiple hypothesis testing43. 

A random forests classifier to predict post-traumatic epilepsy development from baseline 

microbial abundances was created using the random Forest package in R with mtry=2 

and 1001 trees44. Microbes were inputted into the algorithm if they were significantly 

associated with PTE in mixed effects MaAsLin2 models with q<0.25. An initial classifier 

was created then all features with an importance score greater than 2 in the preliminary 

classifier were used to construct a refined classifier with fewer features. The accuracy of the 

final random forests classifiers was assessed using 5-fold cross-validation with confidence 

intervals determined by bootstrapping in the pROC package in R45.

SCFA.—Statistical comparisons were done with the SAS 9.3 or JMP Pro 16.1.0 software 

(SAS Institute Inc., Cary, NC, USA). Comparisons of individual SCFAs between two groups 

(i.e. with and without impending PTE) were done with both t-test and Wilcoxon rank-sum 

test to account for both normal and abnormal distributions. Multiple logistic regression 

was used to determine the odds ratios (OR) for developing epilepsy for each SCFA and 

receiver operating characteristics curves (ROC), areas under the ROC (AUC), and 95% 

Wald confidence intervals (CI) values for individual or combined SCFAs were obtained. 

Significance was set at p<0.05.

Neuromotor score and seizures were analyzed using Prism 6 software (GraphPad, San 

Diego, CA); the applied statistical tests are indicated in Results.
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Results.

Microbiome and LFPI

Analyses of alpha diversity, beta diversity and SCFA were performed both with and without 

the inclusion of sex as a covariate. We detected no discernable differences in microbial 

compositions between males and females, nor any of the outcome microbiome measures 

were affected by sex (not shown). Therefore, the respective results below are presented for 

females and males combined.

Time-dependent changes in microbial diversity and composition were analyzed using 

mixed-effects models, which included groups (LFPI and sham-LFPI), timepoint vis-à-vis 

craniotomy, and group:timepoint interaction, with individual animals as a random effect. 

There was a highly significant association of timepoint with Shannon index (p=0.0001; Fig. 

1A). At the same time, for each timepoint, alpha diversity was not significantly different 

between subjects of LFPI and sham-LFPI groups (baseline p=0.3; 1 week p=0.11; 1 month 

p=0.64; 7 months p=0.87). The group:timepoint interaction was not significant (p=0.19), 

indicating that LFPI produced no specific changes to pre-existing alpha diversity profiles. 

Indeed, the distribution of alpha diversity between sham-LFPI and LFPI subjects remained 

unchanged over time (group p=0.003).

Beta diversity was also significantly associated with the timepoint (p<0.0001, Fig. 1B). 

Conversely, group type was not associated with microbial composition (p=0.99); however 

there was a significant group:timepoint interaction (p=0.005), indicating that while there 

were no pre-craniotomy differences between LFPI and sham-LFPI subjects, following 

craniotomy the microbiota in rats of LFPI and sham-LFPI groups diverged. When assessing 

each timepoint, the LFPI and sham-LFPI groups showed significant differences in beta 

diversity at 1 week (p=0.04), 1 month (p=0.006), and 7 months (p=0.01) but not at baseline 

(Fig. 1C). Relative abundances at phylum and genus levels matched the results of beta 

diversity analysis, showing clear differences between 1 and 7 months compared to baseline, 

and 1 week irrespective of the group type (Fig. 1D, E).

To examine whether specific bacteria were affected by LFPI, differential abundance testing 

was performed using mixed effects models implemented in MaAsLin2 (Fig. 2). Matching 

the beta diversity analysis, more differentially abundant microbes between LFPI and 

sham-LFPI groups appeared at 1 month and 7 months than at 1 week. At 1 week (Fig. 

2A), three ASVs were significantly differentially abundant, including enrichment in LFPI 

rats of a Ruminoclostridium_9 ASV, depletion of a Pseudomonas ASV, and depletion 

of an unclassified Lachnospiraceae ASV (labeled as “1”) that was also depleted at 1 

month (Fig. 2B). Three additional ASVs within the Lachnospiraceae family were also 

depleted at 1 month, as was a Lactobacillus ASV. Conversely, there was enrichment of 

Lactobacillus intestinalis, two Bacteroides ASVs (including B. uniformis), an abundant 

Clostridium_sensu_stricto_1 ASV, an unclassified Peptococcaceae ASV, and five ASVs 

within the Ruminococcaceae family. At 7 months (Fig. 2C), six ASVs were depleted in 

LFPI rats, all belonging to the Lachnospiraceae family similar to what was observed at 1 

month. This was accompanied by enrichment of the same Peptococcaceae ASV enriched at 
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1 month, two ASVs within the Ruminococcaceae family, Parabacteroides goldsteinii, two 

Alistipes ASVs (A. ihumii and A. finegoldii), and a Streptococcus ASV.

Microbiome and neuromotor impairments

Among the 60 LFPI rats, minimal/median/maximal (Min/Med/Max) neuromotor score 1 day 

after LFPI was 4/14.5/21 (95% confidence interval of median [CIMed] 13–15). Twenty-nine 

rats were severely impaired (Min/Med/Max score 4/12/13, 95% CIMed 10–13). Thirty-one 

rats fell were moderately impaired (Min/Med/Max score 14/16/21, 95% CIMed 15–18). 

None of the LFPI rats was mildly or not impaired. Neuromotor scores were significantly 

different between the two categories of the animals (Wilcoxon rank-sum, p<0.0001). Among 

21 sham-LFPI rats, Min/Med/Max neuromotor score was 25/27/28, 95% CIMed 26–28. 

Neuromotor scores were significantly different between the groups of LFPI and sham-LFPI 

rats (Wilcoxon rank-sum p<0.0001), as well as between moderately impaired LFPI and 

sham-LFPI rats and severely impaired and sham-LFPI rats (Wilcoxon rank-sum p<0.0001). 

Female rats were more severely affected than males (Wilcoxon rank-sum, p=0.02). Seven 

days after LFPI, the animals recovered from neuromotor impairments (Min/Med/Max score 

was 26/27/28, 95% CIMed 27–28).

We compared alpha and beta diversities between the subgroups of moderately impaired 

(n=31) and severely impaired (n=29) LFPI rats. There were no associations between the 

extent of neuromotor impairments and either alpha diversity (p=0.39, Fig. 3A), or beta 

diversity (p=0.89, Fig. 3B). The group:timepoint effects were also insignificant (alpha 

diversity p=0.06; beta diversity p=0.25).

We further examined whether specific taxa might be related to the severity of post-LFPI 

neuromotor deficits. We performed differential abundance testing across all timepoints 

using mixed effects models to identify microbes that significantly differed between rats 

with severe and moderate neuromotor impairments at 1 week, 1 month, and 7 months. 

At 1 week (Fig. 3C) severely impaired rats, had significant depletion of six ASVs 

within the Lachnospiraceae and Ruminococcaceae families and enrichment of a single 

Ruminococcaceae ASV, as compared with moderately impaired subjects. There were no 

differentially abundant microbes at 1 month (not shown). At 7 months (Fig. 3D), severely 

impaired rats showed enrichment of a Streptococcus and Ruminococcaceae ASV and 

depletion of four ASVs within the Lachnospiraceae family. Of the differentially abundant 

microbes, the Streptococcus ASV had also been associated with LFPI, when compared with 

sham-LFPI subjects at the same timepoint.

Microbiome and PTE

During the 4-week EEG monitoring, spontaneous seizures were detected in 18 out of 50 

LFPI rats (Mazarati- 11 out of 30, Staba- 7 out of 20). Individual animals displayed between 

2 and 19 seizures during the observation period. No seizures were detected in sham-LFPI 

subjects. The proportions of females (5 out of 14) and males (13 out of 36) that developed 

PTE were statistically similar (Fisher exact test p=1.0). In rats that would proceed to develop 

PTE, Min/Med/Max neuromotor score 1 day after LFPI was 9/13/18 (95% CIMed l2–15). 

In rats, which would not develop PTE, Min/Med/Max neuromotor score was 8/15/21 (95% 
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CIMed 13–16). The outcome measures were statistically similar between rats of the two 

categories (Wilcoxon rank-sum, p=0.31).

There were no significant differences in alpha diversity between rats that developed and did 

not develop PTE (p=0.07, Fig. 4A); the PTE:timepoint interaction was also not significant 

(p=0.61, Fig. 4A). Conversely, significant differences in beta diversity were observed 

between LFPI subjects that proceeded to develop and not to develop PTE (p=0.001, Fig. 

4B); these differences was present irrespective of the timepoint vis-à-vis LFPI, including 

baseline (p=0.44). Prior to LFPI, rats that proceeded to develop PTE had enrichment of 

microbes within the Lachnospiraceae and Ruminococcaceae families and the depletion of 

Muribaculaceae family members, compared with LFPI rats that did not develop PTE (Fig. 

4C). Of the PTE-associated taxa only Lachnospriaceae(f) one was differentially abundant 

after LFPI. Of note, this ASV was reduced at baseline in rats that would proceed to develop 

PTE and remained depleted following at 1 week and 1 month.

Preexistent fecal microbial composition and the risk of PTE

Considering the significant association of baseline microbial composition and specific taxa 

with PTE (Fig. 4C), we examined whether baseline microbial profiles could predict the 

development of epilepsy following LFPI. A random forests classifier was constructed from 

taxa that were differentially abundant before LFPI between rats that would and would not 

develop PTE. This classifier included four ASVs and demonstrated moderate accuracy for 

predicting PTE, with AUC of 0.73 in 5-fold cross-validation (Fig. 5A). All four ASVs 

belonged to the Lachnospiraceae family with two identified as belonging to the Blautia and 

Acetatifactor genera (Fig. 5B).

SCFA and the risk of PTE

Because the risk of PTE was associated with baseline microbial composition and 

abundances, we limited the examination of SCFA to fecal samples collected prior to LFPI, 

with PTE data applied for retrospective analysis. We found no association between any 

of the SCFAs and microbial composition or abundances (not shown), nor any differences 

between individual SCFA fecal content and impending PTE (t-test and Wilcoxon rank-sum; 

Fig. 6). Logistic regression showed that that risk of PTE increased with the depletion 

of 2-methylbutyric (OR=0.808, CI 0.668 – 0.979, p=0.029) and enrichment of isovaleric 

acids (OR=1.229, CI 1.004 – 1.503, p=0.045). Multiple logistic regression for PTE risk, 

considering all SCFAs yielded an AUC of 0.722 (CI 0.557 – 0.887; Fig. 5C). To avoid 

overfitting, we explored combinations of fewer SCFA and the smallest set yielding the 

best AUC (0.717) included 2-methylbutyric, isovaleric, isobutyric, and valeric acids (Fig. 

5D). AUC of these SCFAs combined was better than the individual SCFA AUCs (0.5833 – 

0.6343), suggesting possible SCFA interactions in predicting PTE. We further performed an 

analysis to identify correlations between PTE-associated microbes at baseline and SCFAs. 

We created a refined random forests classifier, which incorporated both the four ASVs and 

baseline levels of four SCFAs. This combined classifier had an AUC of 0.78 (Figure 5E), 

with the microbes and SCFAs having different importance scores (Fig. 5F).
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Discussion

Our major finding was that the risk of PTE was moderately associated with beta diversity 

and with selective microbial abundances, irrespective of the timepoint vis-à-vis LFPI, 

including at baseline. Baseline fecal composition of SCFAs was also moderately associated 

with the risk of PTE. The accuracy of predicting PTE based on preexistent microbiome 

profile was improved by integrating the identified ASVs and SCFAs.

Microbiome and LFPI

Alpha diversity, that is microbial diversity in an individual rat irrespective the microbial 

composition, was not affected by LFPI, the severity of neuromotor impairments and the 

presence of PTE. The observed time-dependent changes in alpha diversity reflected its 

natural variations when measured at random time points.

Beta diversity gauges the similarity/dissimilarity of microbial compositions between the 

rats of different groups and types. Beta diversity changed over time in both LFPI-and sham-

LFPI subjects. At the same time, LFPI produced specific changes in microbial composition 

relative to the sham-LFPI, which were obvious shortly after the injury and persisted at 7 

months. Since, on the one hand, neuromotor deficits lasted for <7 days after LFPI, and 

microbial changes were detectable even at 7 months, it was not likely that dysbiosis was 

directly due to neuromotor deficits. Of note, while we found no sex-specific associations 

between microbiome and PTE, we are not prepared to state this unequivocally, as the study 

was not powered for sex, and further increase in sex-targeted sample sizes may reveal such 

associations.

While many of identified changes in microbial composition were independent of the extent 

of post-LFPI neuromotor deficits, certain microbes were differently abundant in rats with 

severe vs. moderate impairments. The fact that these microbial perturbations occurred in 

LFPI rats with and without PTE alike, agreed with our earlier observations (also confirmed 

here), that the severity of post-LFPI neuromotor impairments had no bearing on the 

development of PTE31. The significance of these changes is outside the scope of this 

PTE-focused study; however, these findings merit further investigation, as they may provide 

insight in other chronic TBI sequela.

Sustained complex changes in gut microbial composition were reported in the weight 

drop46; 47 and in the controlled cortical impact (CCI) models in mice2; 4; 11, in CCI 48 

and weight drop1 models in rats. Up to seven days after LFPI, changes in cecal microbiota 

were observed in rats6 and in fecal microbiota in mice8. Increased alpha-diversity and 

phylum-level changes in fecal samples were detected in people years after head injury5. 

Comparative analysis of different studies is complicated due to differences in species and 

strains, TBI paradigms, trauma severity, and analysis timepoints; overall assessments reveals 

little if any overlap, emphasizing an importance of standardized paradigms for determining 

which microbiota components are typically and critically associated with brain trauma9.
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Microbiome and risk of PTE

When LFPI rats were retrospectively stratified vis-à-vis PTE, the animals with and without 

impending PTE had different microbial profiles even before LFPI, with the differences 

persisting thereafter. Hence, while PTE itself did not alter beta diversity, preexisting 

microbial composition informed the risk of epilepsy once TBI occurred. Multimodal 

involvement of gut microbes in regulating gut-brain axis and neuronal circuits relevant 

to epilepsy13; 19 make it impossible to draw definitive conclusions on mechanisms of this 

association. The answer is more likely to come from studies involving functional assessment 

by shotgun metagenomics and metabolomics, the latter of both fecal and blood samples to 

detect neuroactive microbial metabolites that enter the circulation and reach the brain. At the 

present stage, it would be reasonable to view our findings from a basic science perspective, 

whereby microbial profiling even before LFPI informs the risk of PTE. Following a thought 

expressed by Russo23, we may draw an analogy between our findings and genetic studies, 

which pursue the identification of genetic markers of susceptibility to PTE, that is such 

markers, which by their virtue (e.g. single nucleotide polymorphism) exist before TBI49. 

Certainly, an analysis performed soon after LFPI, would be more relevant for translational 

(e.g. diagnostic and therapeutic) purposes. Fundamentally, microbial profiles associated with 

impending PTE were universally present at different post-LFPI timepoints; this by itself lays 

a reasonable foundation for further translational studies.

One question is what “default states” of the identified microbial profiles are vis-à-vis 

PTE. One possibility is the default state is resistance to epilepsy; then microbial profile 

predicting PTE may be described as “proepileptic”. Alternatively, the default state is 

susceptibility to PTE; then, microbial profile predicting the absence of PTE may be 

described as “antiepileptic”. This question can be answered through fecal microbiome 

transfer, whereby “PTE-susceptible” recipients are transplanted with fecal samples from 

“PTE-resistant donors” and vice versa, followed by LFPI. Metagenomics and metabolomics 

may further help in identifying molecules and pathways that are involved in regulating 

susceptibility/resistance to PTE.

The involvement of microbiota in epilepsy has been documented in clinical observations 

(see19; 23; 24 for excellent reviews). Experimental confirmation comes from studies involving 

fecal microbiome transfer22; 25; 26, and as well as those establishing a pivotal role of 

microbiota in anti-seizure effects of ketogenic diet27.

Congruently with our findings, a study that used Wag-Rij rats, a genetic model of absence 

epilepsy, found that certain microbial profiles predated the development of seizures22. 

Even before the onset of epilepsy and at different timepoints thereafter, the most notable 

difference in fecal microbial composition between Wag-Rij rats and their normal Wistar 

counterparts was the increased Firmicutes:Bacteroidetes ratio. In our study, naive animals 

with impending PTE had reduced fecal abundance of specific bacteria in the Bacteroidetes 

phylum.
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SCFA and risk of PTE

Global baseline fecal SCFA content was associated with the risk of PTE. Combination 

of three branched acids, 2-methylbutyric (depleted), isovaleric (enriched) and isobutyric 

(enriched), as well as a non-branched valeric (depleted) were most predictive of PTE 

risk. Branched SCFA are products of protein fermentation, which may result in additional 

metabolites that may damage the intestinal epithelium50, that latter suggested after LFPI31 

and in genetic absence model22.

Global depletion of SCFAs was found in murine fecal samples up to one month after CCI, 

while exogenous SCFA administration improved CCI-induced cognitive deficits2. Treatment 

with butyric acid improved neurological dysfunction, brain edema, neurodegeneration, 

blood-brain barrier disruption in the weight drop model in mice51. Lower concentration 

of propionic and butyric acids was observed in fecal samples of Wag-Rij rats even before the 

emergence of absence epilepsy22. While our findings appear to be more subtle and complex, 

and are not well aligned with those reported by others (ostensibly for the reasons discussed 

for microbiota earlier), they do reflect an important role that is attributed to SCFAs in 

regulating brain functioning13; 15–17 and indicate that the analysis of SCFA in fecal samples 

may be useful for stratifying the risk of PTE (although SCFA involvement in epilepsy 

remains largely unknown, with data mostly limited to ketogenic diet23).

In conclusion, the analysis of natural variations in gut microbiome may inform the risk of 

PTE. This may be particularly useful when applied to individuals operating in such high-risk 

environments as war zone, hard-hat areas, and contact sports.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points Box

• Lateral fluid percussion injury (LFPI) in rats modified beta diversity and 

selective microbial abundances in fecal samples

• LFPI-induced dysbiosis was not associated with post-traumatic epilepsy 

(PTE)

• The risk of PTE was moderately associated with beta diversity and with 

selective microbial abundances irrespective the time vis-à-vis LFPI

• The risk of PTE was moderately associated with baseline fecal content of 

short-chain fatty acids (SCFA)

• PTE risk stratification was improved by integrating baseline fecal microbial 

abundances and SCFA content
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Fig. 1. Fecal microbial composition before and after LFPI and sham LFPI.
(A) Microbial alpha diversity as assessed by the Shannon index of richness and evenness 

before, 1 week, 1 month, and 7 months following craniotomy in feces from LFPI and sham-

LFPI (denoted by “Sh” on the X-axis) rats. P-values were calculated using mixed effects 

linear models with group, timepoint, and group:timepoint interaction as fixed effects and rat 

identifier as a random effect. (B) Beta diversity analysis was performed using Bray-Curtis 

dissimilarity and visualized by principal coordinates (PC1 and PC2) analysis (PCoA). Each 

dot represents individual sample, differently colored for each timepoint on the left panel, and 

for each group on the right panel. Symbols in the right panel denote different timepoints. 

P-values were calculated by repeated measures aware PERMANOVA including group, 

timepoint, and group:timepoint interaction. (C) PCoA plots showing microbial composition 

at each of the four timepoints vis-à-vis craniotomy. P-values were calculated by analyzing 
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data at each timepoint separately using PERMANOVA to assess group difference. (D) 

Phylum and (E) genus level composition in LFPI and sham-LFPI (denoted by S on the 

X-axis) groups at each timepoint. Shown are detected phyla (D) and the top 16 most 

abundant genera (E).
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Fig. 2. Differentially abundant fecal microbes between LFPI and sham-LFPI rats.
Microbes were analyzed at the level of amplicon sequence variants (ASVs), which were 

labeled according to the lowest level of taxonomic identification: species, genus, family 

[indicated by (f)], or order [indicated by (o)]. Multiple ASVs belonging to the same family 

were differentiated by arbitrary numbers starting from 1. ASVs with statistically significant 

association with LFPI (q<0.05) in a timepoint-dependent manner are shown for 1 week (A), 

1 month (B), and 7 months (C). Effect size is shown as the log2 of the fold change. Dot sizes 

are proportional to mean ASV abundances and dot colors represents different phyla.
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Fig. 3. Fecal microbial abundances and neuromotor impairments after LFPI.
(A) Microbial alpha diversity assessed by the Shannon index of richness and evenness. 

Mixed effects models were used with neuromotor impairments (moderate [“Mod” on 

X-axis] vs. severe [“Sev” on X-axis]), timepoint, and neuromotor impairment:timepoint 

interaction as fixed effects and rat identifier as a random effect. (B) Beta diversity 

analysis was performed using Bray-Curtis dissimilarity and visualized by principal 

coordinates analysis (PCoA). Each dot represents individual sample differently colored 

for moderate and severe impairment. Symbols denote different timepoints. P-values were 

calculated by repeated measures aware PERMANOVA including impairment, timepoint, 

and impairment:timepoint interaction. (C, D) Microbes that were differently abundant in 

moderately and severely impaired LFPI rats. Samples were analyzed together in mixed 

effects models implemented in MaAsLin2 with LFPI subgroups (moderately and severely 

impaired), timepoint, and subgroup:timepoint interaction as fixed effects and rat identifier 

as a random effect. ASVs that were significantly associated with neuromotor impairment 

(q<0.05) in a timepoint-dependent manner are shown for 1 week (C) and 7 months (D). 

Effect size is shown as the log2 of the fold change. Dot sizes are proportional to mean ASV 

abundances and dot colors represent different phyla. No ASVs were significant at q<0.05 at 

1 month (not shown).
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Fig. 4. Fecal microbial composition and PTE.
(A) Microbial alpha diversity was assessed by the Shannon index of richness and evenness. 

Mixed effects models were use with PTE status (EPILEPSY YES and NO), timepoint, and 

PTE status:timepoint interaction as fixed effects and rat identifier as a random effect. (B) 

Beta diversity analysis was performed using Bray-Curtis dissimilarity and visualized by 

principal coordinates (P1 and P2) analysis (PCoA). Each dot represents individual sample 

differently colored for the PTE status. Symbols denote different timepoints. P-values were 

calculated by repeated measures aware PERMANOVA including PTE status, timepoint, and 

PTE status:timepoint interaction. (C) Microbes that were differently abundant prior to LFPI, 

in rats that proceeded to develop and not develop PTE after LFPI. Samples were analyzed 

together in mixed effects models implemented in MaAsLin2 with PTE status and timepoint 

as fixed effects and rat identifier as a random effect. Interaction with time was not included 

as this was not significant in the beta diversity analysis. Shown are ASVs associated with 

PTE (q<0.25), with bold font indicating ASVs with q<0.05 and italics font indicating ASVs 

with q between 0.05 and 0.1. Effect size is shown as the log2 of the fold change. Dot sizes 

are proportional to mean ASV abundance and dot colors represent different phyla.
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Fig. 5. Baseline fecal microbial abundances and SCFA and the risk of PTE.
(A) Receiver operating characteristics (ROC) curve for a random forest classifier predicting 

PTE from baseline abundances of 4 fecal microbes, selected from the 25 ASVs associated 

with epilepsy with q<0.25. Classifier performance was assessed by 5-fold cross-validation 

and is shown as the area under the ROC curve (AUC). The 95% confidence interval (shown 

as a blue area) was determined by bootstrapping. (B) Importance scores are shown for 

the four ASVs in the classifier shown in (A), representing their contribution to classifier 

accuracy. ASV color indicates whether the ASV was enriched (red) or depleted (green) 
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prior to LFPI in rats that proceeded to develop PTE after LFPI. (C, D) ROC curves for 

PTE prevention derived from multiple logistic regression of 50 samples collected before 

LFPI. (C) When all 8 SCFAs are considered, AUC is 0.7222. (D) To avoid overfitting, we 

reduced the number of SCFA, and the best prediction (AUC=0.7167) was observed when we 

considered four SCFAs: 2-methylbutyrate (2Meth), isovaleric (Isov), isobutyric (Isobut), and 

valeric. Shown are ROCs for each individual SCFA and the 4 SCFAs combined (4 SCFA). 

(E) ROC curve for a random forest classifier predicting PTE from baseline abundances of 

four fecal microbes and four fecal SCFAs. (F) Importance scores are shown for the ASVs 

and SCFAs in the classifier shown in (E).
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Fig. 6. Short chain fatty acids (SCFA) in fecal samples collected prior to LFPI.
Data for each SCFA are presented for LFPI rats that proceeded to develop PTE (Yes on 

X-axis; n=18) and not to develop PTE (No on X-axis; n=30). No differences in individual 

SCFA content were found between the rats of two categories (Wilcoxon rank-sum and 

t-tests).
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