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Abstract
Background: Traumatic brain injury (TBI) is a systemic injury that disrupts a complex arrangement of
interacting cells in the brain and in the gastrointestinal tract (GI). Disruption in the brain results in
neuroin�ammation, in which microglia are a central component along with cytokines and other soluble
factors [pro and anti-in�ammatory microglia (M1:M2)]. Disruption in the GI due to TBI results in a
systemic in�ammation which is dependent upon the gut microbiome (GM). Gut microbiome can in�uence
microglia in the brain via the gut-brain axis. In order to determine if the microbiome-microglia connections
via the gut-brain axis can be modulated, we used probiotics and antibiotics in a rodent TBI model to
evaluate the microbiome-microglial connections in acute and chronic experiments.

Methods: The temporal effects of treatment (probiotics or antibiotics) were used to evaluate the gut-
associated lymphoid tissue (GALT) in�uence on the microglial response at 72 hours or 21 days after a
cortical contusion injury (CCI), a rodent model of TBI. Injured animals received daily probiotics,
antibiotics, or no treatment. Sham-injured animals (controls) did not receive any treatment.

Results: Twenty-one days of probiotic treatment attenuated the pro-in�ammatory response of microglia
(M1:M2) after CCI. The post-injury in�ammatory response was heightened in the GALT with antibiotic-
induced dysbiosis which resulted in ampli�cation of the pro-in�ammatory microglial response.

Conclusions: Probiotic treatment after TBI is a potential therapeutic in attenuating microglial activation
through anti-in�ammatory signaling. 

Background
Microglia are the resident immune cells of the brain. Under homeostasis, microglia are highly mobile and
provide continuous surveillance of their cellular milieu. Microglia have other functions such as promoting
learning dependent synapse formation, axonal regeneration, and removal of defunct axon terminals (1).
Microglial development and functions are also in�uenced by the gut microbiome (GM) via the gut-brain
axis (1).

Traumatic Brain Injury (TBI) is a systemic injury that effects the entire body. TBI causes a loss of neurons,
rearrangement of synaptic connections and subsequent microglia-dependent chronic neuroin�ammation.
Neuroin�ammation is a complex interaction between the cellular (neurons, astrocytes and microglia) and
soluble components (cytokines and chemokines) of the central nervous system (CNS). When activated
after an injury, microglia undergoing considerable remodeling. They retract their processes and typically
adopt an amoeboid morphology (2–4). Microglia are characterized based on their phenotype, which
changes in response to environmental stimuli secondary to physiological stress or trauma. Once
activated, microglia express surface markers that correlate with neurotoxicity and a pro-in�ammatory
state or a pro-repair phenotype and an anti-in�ammatory state (5). Acutely after injury, microglia polarize
towards an pro-in�ammatory phenotype, leading to further neurotoxicity and cellular damage due to the
disruption of cellular homeostasis (6, 7).
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Traumatic brain injury also results in signi�cant systemic manifestations resulting in the dysfunction of
non-neurological organ systems. TBI also disrupts the complex arrangement of interacting cells in the
gastrointestinal tract (GI). Disruption in the GI due to TBI results in a systemic in�ammation which is
dependent upon the GM (8). It has been demonstrated that gastrointestinal dysfunction, or dysbiosis,
induces a pro-in�ammatory reaction and exacerbates lesion volume and functional de�cits in response to
ischemic stroke in a rodent model (9). Gut dysfunction can result in ileus, mucosal abnormalities, and
disrupted gut permeability, all of which can amplify the systemic in�ammatory response and negatively
affect clinical outcomes after injury (10, 11). Early enteral nutritional support correlates with improved
outcomes after TBI, highlighting the complex connection between the gut and brain (12, 13). Recent
patient data indicate that chronic TBI results in altered fecal microbiome years after the injury (14). The
gut-associated lymphoid tissue (GALT) is comprised of the Peyer’s patches (PP) and the mesenteric
lymph nodes (MLN). The PPs are lymphoid follicles scattered throughout the intestinal tract and serve to
mount a protective immune response while continuously surveying the gut-microbe environment. They
play a critical role between innate and adaptive immunity through the regulation of T-cell differentiation
after exposure to foreign antigens (15). From the PPs, cellular signals drain into the MLNs, which then
mount a systemic response in order to maintain homeostasis during physiological stress (16). The MLNs
play a signi�cant role in T-cell activation in the gastrointestinal system. Dendritic cells and macrophages
(CD11 + cells) surveying the gut continually drain into the MLNs in order to in�uence development and
migration of the adaptive immune system through T-cell activation (17).

We hypothesized that manipulating the gut microbiome via the gut-brain axis through the use of use of
probiotics and antibiotics decreases the microglial-dependent neuroin�ammation. We evaluated the gut-
associated lymphoid tissue in�uence on the CNS in�ammatory response following traumatic brain injury
in a rodent TBI model.

Methods
Animals

Male Sprague Dawley rodents were obtained from Envigo (Houston, TX) and weighed between 250-350g
at the time of all experiments. Gut bacteria can cross colonize between animals in the same cage. To
prevent such cross-contamination animals were singly housed (1 per cage). Animals were granted ad
libitum access to food and water that had been irradiated beforehand to limit contamination. Housing
was con�ded in the university-operated vivarium with a standard 12-hour light-dark cycle. Animals were
weighed every 3 days to ensure appropriate growth and health post injury. Animals were housed in the
vivarium at a minimum of 7 days to allow for stabilization of gut microbiomes prior to initiating
experiments.

Experimental Groups

Experiments were conducted in multiple cohorts at two different time points based on the treatment
administered. Experiments lasted for either 72 hours as an acute post-injury model or 21 days as a
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chronic post-injury model. Within both time points, all injured animals either received daily probiotics,
antibiotics, or no treatment. Sham-injured animals were included in the experiments to serve as controls.

Controlled Cortical Impact (CCI)

Animals were anesthetized with 4% iso�urane and oxygen in a vented chamber and then maintained at 2-
3% iso�urane for the duration of the procedure. All animals underwent a venous blood draw via tail vein
prior to the injury. The animal was then secured on a stereotactic frame and the surgical site was prepped
with alcohol and iodine solution. Subcutaneous 0.25% bupivacaine was administered prior to incision for
local anesthesia. A midline cranial incision was made, and the right sided musculature and soft tissue
was bluntly dissected away for exposure of the calvarium. A 7-mm diameter craniectomy was performed
between the right coronal and lambdoid sutures. A controlled cortical impact device (Impact One
Stereotaxic Impactor, Leica Microsystems, Buffalo Grove, IL) was utilized to administer a standardized
and unilateral severe brain injury as previously described (18). Severe injury parameters included a depth
of 3.1 mm, impact velocity of 5.6 m/s, and a dwell time of 200ms using a 6mm diameter impactor tip.
This allowed for a severe injury to the parietal association cortex. Immediately after the injury, the incision
was closed using sterile wound clips and animals were allowed to recover in newly cleaned micro-isolator
cages provided by the University Vivarium. Sham injured animals underwent the same procedures
outlined above but did not receive a craniectomy or severe injury via the impactor tip. Animals were
observed post-operatively and monitored on a daily basis for pain and wound complications in
compliance with ARRIVE guidelines. 

Probiotic Preparation and Administration

Human breast milk derived Lactobacillus reuteri DSM 17938 (LR 17938) was provided by BioGaia AB
(Stockholm, Sweden) and is commercially available. LR 17938 was cultured in deMan-Rogosa-Sharpe
(MRS) medium, anaerobically, at 37°C for 16 hours. Quantitative analysis of bacteria in culture media
was performed by comparing the absorbance at 600nm to cultures of known concentrations using a
standard curve of colony forming units (CFUs) per milliliter (mL) using an Eppendorf Photometer. LR
17938 was inoculated in fresh media every 2-3 days to ensure viability and to prevent contamination.
Animals were given a probiotic dose of 108 CFU/day, daily, by orally gavage, starting on the day of injury
until the day of sacri�ce.

Antibiotic Preparation and Administration

Broad spectrum antibiotics were utilized to instigate gut dysbiosis. Animals were treated with
50mg/kg/day of Ampicillin (GoldBio), 50mg/kg/day Gentamicin (GoldBio), and 50mg/kg/day
Metronidazole (Sigma) in their drinking water and allowed to drink ad libitum. Antibiotic treatment was
started 7 days prior to injury and continued for either 72 hours or 21 days depending on the treatment
group the animal was assigned to. 

Microglia Isolation and Characterization 
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Animals were euthanized at either 72 hours or 21 days after injury. Brains were harvested and processed
as previously described by our lab (19) utilizing the Neural Tissue Dissociation Kit and GentleMACS
dissociator (Miltenyi Biotec). Myelin was removed by Percoll centrifugation. CD11+ enrichment was
performed with CD11b/c microbeads and quadraMACS magnet (Miltenyi Biotec). Microglia antibody
staining panels were based on M1 and M2 gating strategies (5).

The microglia were immunophenotyped using multiparametric �ow cytometry panel. Data were acquired
on LSR-2 �ow cytometer (BD Biosciences). Using a modi�cation of previously published methods,
identi�cation of microglia was achieved with a triplet anchor gating strategy that isolated CD45+,
CD11bc+, and P2Y12+ cells (5). Cells that were CD45+, CD11bc+, but P2Y12 negative were considered
in�ltrating myeloid/macrophage populations (Supplementary Figure 1)(5). Pro-in�ammatory (M1)
markers (CD32+ and CD86+) and anti-in�ammatory (M2) markers (CD200R+, RT1B+, and CD163+) were
identi�ed under this microglia gating strategy. Absolute microglia cell count was determined by
calculating the number of cells per milligram of tissue. Brain hemispheres were weighed prior to cell
isolation and incorporated into the dilution factors to achieve this number. To analyze these data,
traditional analysis of comparing absolute number or percentage or mean �uorescence intensity of the
microglia with different treatments were performed. 

Cell Isolation and Immune Characterization of Gut-Associated Lymphoid Tissue

Animals were euthanized at either 72 hours or 21 days after injury. Upon sacri�ce, Peyer’s patches (PP)
and mesenteric lymph nodes (MLN), also known as gut-associated lymphoid tissue (GALT), were
harvested for cell isolation. MLNs underwent mild tissue dissociation with collagenase and DNAse and
incubated for 45 minutes. PPs underwent mild tissue dissociation with incubation in spleen dissociation
media (STEMCELL) for 45 minutes. Both tissue samples were then �ltered through 70-micron cell
strainers prior to cell staining. Samples were stained for general myeloid and lymphoid makers. The
myeloid antibody panel consists of the following markers: HIS48-FITC, CD43-PE, CD8a-PerCP, CD11b/c-
PECy7, CD4-APCCy7, CD172a-V450. The lymphoid antibody panel consists of the following markers:
CD3-FITC, CD25-PE, CD8a-PerCP, CD11b/c-PECy7, RT1B-APC, CD4-APCCy7, CD45RA-V450. Data for the
GALT samples were acquired on a Galios Flow Cytometer (Beckman Coulter). Subsequent data analyses
were completed utilizing Kaluza software (Beckman Coulter). 

Statistical Analyses

Flow cytometry data were processed and analyzed using Kaluza software (Beckman Coulter) and FlowJo
software (FlowJo, LLC). Data were analyzed using GraphPad Prism (GraphPad Software, Inc., La Jolla,
CA). Analysis was focused on the injured cerebral hemisphere (ipsilateral). Comparisons between means
of each group were analyzed using one-way ANOVA with Dunnett’s post-hoc test. Comparisons between
ratios were analyzed using a Student’s T-test. ROUT analyses (1%) identi�ed outliers in the data, which
were excluded in the �nal analysis. All group data are presented as mean ± standard error. Values of p ≤
0.05 were considered signi�cant. Statistical signi�cance is indicated with (*) for p ≤ 0.05, (**) for p ≤
0.01, (***) for p ≤ 0.001, and (****) for p ≤ 0.0001. 
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Bacterial 16S rRNA Gene Sequencing and Analyses

All animals were housed individually to prevent cross-colonization of rats in the same cage. Fecal pellets
were collected at baseline prior to the start of each experiment, and then collected every 3 days post
injury. Fecal pellets were collected utilizing clean catch procedures in an open �eld and stored in sterile
tubes, which were then immediately frozen and stored at –80oC. 

Sample preparation and analysis was conducted by the Alkek Center for Metagenomics and Microbiome
Research (CMMR) at Baylor College of Medicine. In brief, bacterial genomic DNA was extracted using the
Qiagen MagAttract PowerSoil DNA Kit (formerly sold by MO BIO as PowerMag Soil DNA Isolation Kit).
The 16S rDNA V4 region was ampli�ed by PCR and sequenced in the MiSeq platform (Illumina) using the
2x250 bp paired-end protocol yielding pair-end reads that overlap almost completely. The primers used
for ampli�cation contain adapters for MiSeq sequencing and single-index barcodes so that the PCR
products may be pooled and sequenced directly (20), targeting at least 10,000 reads per sample. 16Sv4
rDNA sequences are clustered into Operational Taxonomic Units (OTUs) at a similarity cutoff value of
97% using the UPARSE algorithm (21). OTUs are subsequently mapped to an optimized version of the
SILVA Database (22) containing only sequences from the v4 region of the 16S rRNA gene to determine
taxonomies. Abundances are recovered by mapping the demultiplexed reads to the UPARSE OTUs.
Downstream analyses and statistical analyses were utilized using a visual toolkit developed at CMMR
named ATIMA (Agile Toolkit for Incisive Microbial Analyses). ATIMA allows for identifying trends in taxa
abundance, alpha diversity (richness and evenness), beta diversity (in-between sample differences),
Principal Coordinate Analysis (PCoA) ordinations, and heatmaps. Statistical signi�cance was determined
using non-parametric Mann-Whitney tests for two category comparisons or the Kruskal-Wallis test when
comparing three or more categories. PCoA plots utilize Monte Carlo permutation tests to estimate p-
values.

Study Approval

All protocols involving the use of animals were approved by the University of Texas Health Science Center
at Houston Animal Care and Use Committee (AWC 18-0011). Protocols involved were in compliance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Data Availability

The data that support �ndings of this study are available from the corresponding author upon request.

Results
Seventy-two hours after CCI, probiotic and antibiotic treatment do not affect pro or anti-in�ammatory
surface markers.
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Seventy-two hours after CCI, there was an increase in the number of microglia when compared to Sham
[Fig. 1A, Sham:n = 7, 156394 ± 54430 vs CCI:n = 8, 3622788 ± 2021391 (p = 0.41)]. There was an increase
in microglia in CCI-Abx vs. CCI [CCI-Abx:n = 11, 5760252 ± 2268494 (p = 0.68)]. There was no differences
in the number of microglia when comparing CCI-Pro vs CCI animals [CCI-Pro:n = 11, 3109550 ± 765960 (p 
= 0.99). In addition, we examined the phenotype of microglia after injury and treatment. There were no
signi�cant differences of either probiotics or antibiotics when comparing pro-in�ammatory surface
markers (CD 32 and CD86) to CCI alone (Figs. 1BC). Anti-in�ammatory surface markers (CD200r, RT1B
and CD163) were also not signi�cant when compared to CCI alone (Figs. DEF).

Twenty-one days after CCI, probiotic and antibiotic treatment increase anti-in�ammatory surface markers.

Twenty-one days after CCI, there were no signi�cant differences in absolute microglia between the groups
(Fig. 2A). There were no differences in pro-in�ammatory surface markers in either treatment when
compared to CCI alone (Figs. 2BC). However, after injury and probiotic treatment (CCI-Pro), there was a
signi�cant increase in anti-in�ammatory surface marker CD200r when compared to CCI alone [Fig. 2D,
CCI:n = 14, 7.1% ± 1.7% vs CCI-pro:n = 16, 5.4% ± 1.2% (p = 0.0001)]. There were no signi�cant differences
of either probiotics or antibiotics when comparing pro-in�ammatory surface markers (CD32 and CD86) to
CCI alone (Figs. 2BC). Interestingly, surface marker CD163 was signi�cantly greater with antibiotic
treatment (CCI-Abx) vs CCI alone (Fig. 2F). There were no differences between CCI and treatments with
RT1B (Fig. 2E). RT1B. There were signi�cant increases in the CCI vs sham for CD86 [Fig. 2C, Sham:n = 14,
23.24% ± 2.2% vs CCI:n = 14, 41.48% ± 6.1% (p = 0.0046)] and Rt1b [Fig. 2E, Sham:n = 14, 23.49% ± 1.4%
vs CCI:n = 14, 45.61% ± 4.5% (p = 0.0005)].

Twenty-one days after CCI, probiotic treatment attenuates M1:M2 ratio.

Seventy-two hours after treatments, there were no signi�cant differences in M1:M2 (Fig. 2AB). However,
21 days after treatment, probiotic treatment resulted in a decrease in M1:M2 when compared to CCI alone
of surface markers CD86: CD200r (p = 0.0007, Fig. 3C). Probiotic treatment also signi�cantly decreased
CD32:CD200r (p = 0.0214, Fig. 3C) when compared to CCI alone. There were no signi�cant differences in
the other surface marker comparisons (Fig. 3CD).

Seventy-two hours after CCI, antibiotic treatment increases natural killer cells in Peyer’s Patches.

Antibiotic treatment with injury results in a signi�cant increase in Natural Killer cells (Cd161+) isolated
from PP when compared to CCI alone 72 hours after injury [Fig. 4A, CCI:n = 8, 0.34 ± 0.12 vs CCI-Abx:n = 
12, 0.88 ± 0.30 (p < 0.0001)]. Neither antibiotic or probiotic treatment affected the monocytes derived from
PP, however there was an overall signi�cance as measured by One-way ANOVA (p < 0.05, Fig. 4B).
Probiotic treatment did result in a decrease in the percentage of monocytes in PP when compared to CCI
alone (Fig. 4B). Additionally, there were no differences in the CD11bc+, T-regulatory cells and CD3 + cells
at 72 hours between probiotics, antibiotics, CCI and Sham.
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Twenty-one days after TBI, antibiotic and probiotic treatments increases monocytes, CD11bc+, natural
killer cells and CD3 + cells in Peyer’s Patches.

Peyer’s patches (PP) are an integral part of the gut’s immune response and serves as part of the gut-
associated lymphoid tissue (GALT).

MONOCYTES: With antibiotic treatment (CCI-Abx:n = 6, 26 ± 2.1), there was a signi�cant increase (p < 
0.0001) in monocytes (CD172a+) when compared to CCI (CCI:n = 4, 1.5 ± 0.84, Fig. 5A). Additionally,
probiotic treatment (CCI-Pro:n = 8, 6.2 ± 2.6) also resulted in a signi�cant increase (p = 0.0034) in
comparison to CCI (Fig. 5A). There were no differences between sham and CCI.

CD11bc+: Antibiotic treatment (CCI-Abx:n = 8, 13.5 ± 2.1) resulted in a signi�cant increase (p < 0.002) in
CD11bc + cells when compared to CCI (CCI:n = 4, 7.4 ± 4.7, Fig. 5B). Surprisingly, probiotic treatment (CCI-
Pro:n = 8, 3.8 ± 1.1) was not signi�cant in comparison to CCI (Fig. 5B). There were no differences between
sham and CCI.

Natural Killer cells (CD161+): Antibiotic treatment (CCI-Abx:n = 8, 1.4 ± 0.5), resulted in a signi�cant
increase (p < 0.001) in CD161 + cells when compared to CCI (CCI:n = 7, 0.3 ± 0.4, Fig. 5C). Probiotic
treatment (CCI-Pro:n = 8, 0.8 ± 0.4) was not signi�cant in comparison to CCI (Fig. 5C). There were no
differences between sham and CCI.

T Regulatory Cells (CD3 + CD4 + CD25+): Antibiotic treatment nor Probiotic treatment affected T
Regulatory Cells (graph not shown).

CD3+: Probiotic treatment (CCI-Pro:n = 7, 45 ± 9), resulted in a signi�cant increase (p < 0.05) in CD3 + cells
when compared to CCI (CCI:n = 10, 23 ± 19, Fig. 5D). Antibiotic treatment (CCI-Abx:n = 8, 30 ± 10) was not
signi�cant in comparison to CCI (Fig. 5D). There were no differences between sham and CCI.

Antibiotics induce a pro-in�ammatory immune response in the Mesenteric Lymph Nodes after 21 days
post-injury but not at 72 hours post-injury.

The mesenteric lymph nodes (MLN) are a component of the gut-associated lymph tissue (GALT), and act
as mediator between the intestinal tract and the rest of the body. At 72 hours, there were no clear
relationships seen among the lymphoid and T cells makers (data not shown). However, 21 days post-
injury, there was an increase in CD11bc+ (p < 0.01) due to Abx treatment (CCI-Abx:n = 6, 0.79 ± 0.16) vs
CCI (CCI:n = 5, 0.26 ± 0.06). In addition, there was an increase (p < 0.05) in and CD161 + cells in CCI-Abx
(CCI-Abx:n = 7, 0.85 ± 0.22) in comparison to CCI alone (CCI:n = 6, 0.27 ± 0.08). There were no differences
in CCI-Pro vs CCI.

Fecal Microbiome Analysis: time-course between injuries and treatment with probiotics at baseline versus
post-injury day 3
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Fecal analyses were performed in order to study the effects our experimental design on the animals’
microbiome. Overall, there were no signi�cant changes to the fecal microbiome after a severe CCI injury
and there were no signi�cant changes to the fecal microbiome with treatment of probiotic, Lactobacillus
reuteri (LR). The  diversity can be portrayed as Observed Organized Taxonomic Units (OTUs) and as
Shannon Diversity indices. The  diversity measures intrapopulation diversity and measures the degree of
richness and/or evenness within each sample. Baseline samples were collected prior to the start of each
experiment, and day 3 sample was collected on post-CCI injury or post-sham injury day 3. Animals that
did not receive any type of treatment are representative of a control cohort for our microbiome analyses.
There were no microbiome changes seen within the sham animals over 3 days (Figs. 7ABCD). The data
also demonstrates the  diversity for Sham and CCI animals that received probiotics for 3 days after
sham or CCI injury respectively. CCI alone did not cause a signi�cant change in the  diversity over a time
course of 3 days. The β diversity represents the interpopulation diversity allowing for cluster visualization
of samples (Figs. 7EFGH). There were no signi�cant changes in beta diversity over a time course of 3
days with and without treatment of probiotics.

Fecal Microbiome Analysis: time-course between injuries and treatment with antibiotics at baseline
versus post-injury day 3

Fecal microbiome analyses were also performed on animals that received treatment with broad-spectrum
antibiotics in order to con�rm induced gut-dysbiosis. The use of broad-spectrum antibiotics caused a
signi�cant gut-dysbiosis in both Sham and CCI. There was signi�cant reduction of the  diversity within
experimental groups receiving antibiotic treatment (Figs. 8ABCD). Baseline fecal samples were collected
prior to antibiotic treatment and injury. The day 3 fecal samples were collected on post-injury day 3.
Antibiotic treatment also caused a signi�cant shift in the β diversity within Sham and CCI animals
(Figs. 8EF). We found that samples in both experimental groups clearly clustered together and shifted
signi�cantly after treatment with antibiotics, con�rming an induced gut dysbiosis in these animals
(Figs. 8EF). Analysis of relative abundance based on most abundant phyla isolated from fecal samples
before and after treatment with antibiotics revealed that the entire experimental cohort that received
antibiotics clearly demonstrated dramatic changes within the most abundant phyla (Figs. 8GH). Further
strati�cation between Sham and CCI animals indicated that there are more dramatic changes in the
relative abundance within the CCI animals when compared to the Sham animals. Statistical differences
between the two experimental groups that were treated with antibiotics revealed that antibiotics cause a
signi�cant dysbiosis in sham animals. Furthermore, the dysbiosis seen is signi�cantly worsened in
setting of severe CCI injury (Figs. 8I).

Discussion
Traumatic brain injury is a systemic injury that effects the gastrointestinal tract (GI). Disruption in the GI
due to TBI results in a systemic in�ammation which is dependent upon the gut microbiome (GM) (8). Our
results demonstrate that there is a direct relationship between gut dysbiosis and ampli�cation of the
microglial in�ammatory response after severe traumatic brain injury.
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The interaction between the gut and the brain is complex and mediated through an intricate system of
immune cells and cytokines. Any factors that cause a shift in the microbiome secondary to trauma or
physiological stress is likely to play a role in disease exacerbation and functional recovery, especially
within the pathophysiology of traumatic brain injury (TBI) (23). Contrary to other reports, the 16S rRNA
sequencing analysis did not demonstrate changes in the microbiome after an isolated CCI injury (24).
Treatment with probiotic, Lactobacillus reuteri DSM 17938 (LR 17938), did not produce any signi�cant
changes in the fecal microbiome pro�les in either Sham or CCI (Fig. 7). However, antibiotic-induced
dysbiosis resulted in an ampli�ed cellular immune response within the GALT (Figs. 4,5,6,8). Furthermore,
while probiotics did not shift the microbiome pro�le (Fig. 7), a dampened pro-in�ammatory immune
response and attenuation of microglial pro-in�ammatory markers was demonstrated (Fig. 3D and 2F). In
several models of autoimmune and in�ammatory diseases of the gut, the action of probiotics is thought
to be mediated between the mesenteric lymph nodes and the systemic immune system (25). L. reutieri
can also affect T-regulatory cells within the small bowel mucosa after only a few days of administration
(26). These communications may not entirely be re�ected downstream through the colon and rectum
microbiome pro�les measured by stool.

Our study aimed to characterize the immune response in the gut associated lymphoid tissue (GALT) to
better understand the cross communication between the gut and brain in the setting of injury and
manipulation of the microbiome. The GALT is comprised of the Peyer’s patches (PP) and the mesenteric
lymph nodes (MLN). The PPs are lymphoid follicles scattered throughout the intestinal tract and serve to
mount a protective immune response while continuously surveying the gut-microbe environment. From
the PPs, cellular signals drain into the MLNs, which then mount a systemic response in order to maintain
homeostasis during physiological stress (16). We sought to isolate cells from the GALT and utilize
myeloid and lymphoid immune cell markers to better understand the function the gut plays in the post-
injury immune response. Our data indicate that there is an overall upregulated myeloid response in both
the PPs and MLNs after TBI with antibiotic-induced gut dysbiosis (Figs. 5 and 6). There is an intimate
relationship between the peripheral myeloid response and the central immune response after TBI. With
disruption of the blood brain barrier after a severe TBI, peripheral immune cells are able to in�ltrate the
brain and exert an ampli�ed in�ammatory effect on the site of injury (27, 28). Therefore, if antibiotic-
induced gut dysbiosis is driving the peripheral immune response to injury, its effects may also in�ltrate
the blood brain barrier after a severe TBI and contribute to microglia M1 activation. In contrast, the same
may be extrapolated from use of probiotics. If probiotics exert a systemic cellular anti-in�ammatory
response after injury, there is potential to cross the blood brain barrier after a severe TBI and contribute to
microglia M2 activation.

Microglia play a key role in the pathophysiology in TBI, in that the dysregulated activation propagates an
in�ammatory environment that becomes destructive and detrimental leading to long-term disabilities (6).
As previously described, a severe CCI injury results in an increase in activated microglia, as well as a shift
towards the pro-in�ammatory M1 phenotype, which is associated with destructive and cytotoxic activity
to surrounding tissues (2, 29). We found this to be true at two different timepoints: 72 hours (acute) and
21 days (chronic). This con�rms previous reports of M1 polarization of microglia after a severe injury,
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and showed that there is sustained activation and dysregulation of microglia up to 21 days after injury
(6). Kigerl et al. demonstrated that gut dysbiosis impairs recovery after spinal cord injury (30). They
manipulated the gut via using antibiotics and probiotics to demonstrate the unique connection between
the gut and the central nervous system. They concluded that by reversing gut dysbiosis, outcomes were
improved in mice that underwent spinal cord injury. Similarly, our aim was to manipulate the gut
microbiome using a single strain probiotic or a mixture of broad-spectrum antibiotics in order to visualize
an effect on microglia activation after experimental CCI in rats. Probiotic treatment (21 days) after severe
CCI injury helped decrease the microglia M1:M2 ratio (Fig. 3C). Speci�cally, CD200R increased with
probiotic treatment after injury at 21 days (Fig. 2D). CD200R-dependent inhibitory signaling prevents
bacterial infections and attenuates neuroin�ammation in rodent stroke models (31). In contrast, animals
that received antibiotics prior to injury in order to induce a gut-dysbiosis, we demonstrated a signi�cant
shift towards a pro-in�ammatory state consistent with an M1 phenotype.

Our data indicate after a severe CCI injury, probiotics have an overall anti-in�ammatory effect on
microglia. We found an overall attenuation of microglial activation after 72 hours post-injury and
treatment with probiotics. Conversely, animals that received antibiotics prior to injury in order to induce a
gut dysbiosis, had a signi�cantly elevated number of activated microglia 72 hours after injury. Similar
results were seen at 21 days post injury. A key difference is a decreased effect of the dysbiosis on
microglia activation and a continued activation with the use of probiotics. While at 21 days we found an
increase in activated microglia in our probiotic treated animals, this ultimately did not change the M1/M2
pro�le trends seen at 72 hours. Even though there are more microglia active at 21 days post injury with
probiotics, these microglia favored an anti-in�ammatory M2 phenotype, which correlates with a pro-repair
and scavenging state rather than a cytotoxic state.

Our data demonstrate that the anti-in�ammatory effect of probiotic LR 17938 is mediated through a T-cell
mediated response, more so in the PPs than the MLNs (Fig. 5), and especially with long-term use. The T-
cell response after injury is blunted, especially with the treatment of antibiotics. This suggests that an
attenuated T-cell response after injury correlates with an ampli�ed pro-in�ammatory response. The
therapeutic effects of LR 17938 (LR) may be due to a dampening effect of the T-cell response to injury.
He et al. demonstrated that LR was able to remodel the gut microbiome in an autoimmune
encephalomyelitis rodent model by acting on T-regulatory cell dysfunction (32). Studies have shown that
use of probiotics, especially those containing lactobacillus, upregulate T regulatory cell activity, reducing
in�ammation and reverting back toward homeostasis (33). Therefore, resetting a dysbiotic gut after a
traumatic injury with the use of probiotics may have potential as a therapeutic target.

Studying the effects of gut dysbiosis provides valuable insight on the mechanism of action between the
gut and the brain. Efferent pro-in�ammatory signaling after TBI induces ileus and increases gut mucosal
paracellular permeability, amplifying systemic in�ammatory responses (34). It has been previously
shown that dysbiosis induces a pro-in�ammatory reaction and exacerbates lesion volume and functional
de�cits in response to ischemic stroke in a rodent model (9). Depletion of gut microbiota with the use of
broad-spectrum antibiotics was found to also worsen outcomes in a rodent stoke model (35). Further,
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Kigerl et al. demonstrated worsening post-injury lesion volume and an increased in�ammatory response
after antibiotic induced dysbiosis (30). Our data con�rms these �ndings in that antibiotic-induced gut
dysbiosis ampli�ed the post-injury immune response. The 16s rRNA fecal bacterial sequencing results
further highlights this pathophysiology. Manichanh et. al studied the effect of gut dysbiosis in a rodent
model where they altered the gut-microbiome with a fecal transplant and antibiotic treatment. Their
results showed that rats that underwent a fecal transplant without antibiotic treatment were more
resistant to microbiome changes, whereas their microbiome exhibited more plasticity when pretreated
with antibiotics, suggesting that an altered microbiome signi�cantly alters homeostatic pathways (36).
When comparing Sham and CCI injury animals treated with antibiotics, we found that there was
signi�cantly more gut dysbiosis in the setting of injury, which can be linked to ampli�cation of pro-
in�ammatory markers in both the microglia and the GALT.

There are several limitations to our study. Our data exists through a rodent model, which can be
challenging to correlate clinically in humans. However, this study aims to understand how clinically
relevant manipulations of the gut can affect the in�ammatory response. There are an increasing number
of studies investigating the connection between the gut microbiome and the immune response to injury.
Potential alternative experimental designs to address our observed phenomena include the use of germ-
free animals with and without dysbiotic fecal transplants. These models have their own limitations as
well and are less translationally relevant. Further, our experiments did not aim to conduct functional
rodent studies, which focuses on assessing spatial learning and memory after neurological injury through
behavioral tests such as the Morris Water Maze (37). This data would demonstrate the therapeutic
endpoint in targeting the neuroin�ammatory response following brain injury, however, it is reasonably
established in the literature that chronic neuroin�ammation, more speci�cally chronic microglial
activation, is correlated with clinical neurodegeneration and neurocognitive impairment in both rodent
and human models (38, 39). Ramlackhansignh et al. studied patients with head injury over an extended
period of time with the use of positron emission tomography. They demonstrated the signi�cant effect
that chronic activation of microglia has on the structural integrity of the human brain (23). These
established �ndings suggest that focusing therapeutic strategies in attenuating microglial activation and
overall systemic in�ammation after TBI will allow for improved clinical outcomes in this patient
population (40).

Clinical studies are demonstrating similar data to laboratory models. Nicholson et al. conducted a
prospective study in severely injured trauma patients and demonstrated gut dysbiosis in trauma patients
when compared to healthy controls (41). They also demonstrated that the level of microbiome changes
can be associated with injury severity and transfusion of blood products (42). Howard et al. conducted
another prospective clinical study in trauma patients that also reported a signi�cant changes in
microbiome pro�les within 72 hours of severe traumatic injury (43). There is growing evidence that
alterations in microbiome phenotypes can be correlated with clinical outcomes. While associations can
be extrapolated from the data, our �ndings do not necessarily prove causality. Multiple studies have
already shown the effectiveness in early post-traumatic enteral feeding on overall patient outcomes, and
is currently supported in the guidelines by the Society of Critical Care Medicine (12, 13, 44). However,
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there is no general consensus among the medical community on the use of probiotics in critically ill
patients or trauma patients. Probiotics are considered a food supplement by the Food and Drug
Administration (FDA), and are regulated in the same category as vaccines. Therefore, the investigation of
probiotics will need to be conducted within a regulatory environment due to safety concerns and lack of
standardization and evidence-based medicine comparing varying strains, dosages, timing of therapy
(14). While further investigation is needed to elucidate the mechanism of action of how probiotics act in
order to exert an anti-in�ammatory effect in both pre-clinical and clinical models, it can be concluded
from our results that targeting a dysfunctional gut may help the body regain homeostasis through anti-
in�ammatory signaling.
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Figures

Figure 1

Microglia immunophenotyping analysis of ipsilateral (injured) hemispheres between experimental groups
at 72 hours after injury: sham, injured animals without any treatments (CCI), injured animals receiving
probiotics (CCI-Pro), and injured animals receiving antibiotics (CCI-Abx) Seventy two hours after CCI,
probiotic and antibiotic treatment do not affect pro- or anti-in�ammatory surface markers. a. Absolute
microglia per hemisphere calculated based on triplet anchor gating depicted. Values demonstrate number
of microglia per milligram of tissue processed during cell isolation. b-c. Percent gated cells positive for
CD32 and CD 86 on microglia cells, often correlated with M1 phenotype. d-f. Percent gated cells positive
for CD200r, RT1b, and CD163 on microglia cells, demonstrating M2 phenotypic cells. Data are mean +/-
SEM, One-Way ANOVA, Dunnett’s post-hoc test: ** = p ≤ 0.01.
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Figure 2

Microglia immunophenotyping analysis of ipsilateral (injured) hemispheres between experimental groups
at 21 days after injury: sham, injured animals without any treatments (CCI), injured animals receiving
probiotics (CCI-Pro), and injured animals receiving antibiotics (CCI-Abx). Twenty one days after CCI,
probiotic and antibiotic treatment increase anti-in�ammatory surface markers. a. Absolute microglia per
hemisphere calculated based on triplet anchor gating depicted in Fig. 1. Values demonstrates number of
microglia per milligram of tissue processed during cell isolation. b-c. Percent gated cells positive for CD
32 and CD86 on microglia cells, associated with M1 phenotype. d-f. Flow analysis of percent gated cells
positive for CD200r, RT1b, and CD163 on microglia, demonstrating M2 phenotypic cells. Data are mean
+/- SEM, One-Way ANOVA, Dunnett’s post-hoc test: ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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Figure 3

Relative ratios of M1/M2 ratios transposed between antibiotic and probiotic treatment groups. Twenty
one days after CCI, probiotic treatment attenuate M1:M2. Higher M1/M2 ratios correlate with microglia
polarization favoring a pro-in�ammatory phenotype. a-b. M1:M2 ratios at 72 hours demonstrate no
signi�cant differences. c-d. M1:M2 ratios at 21 days demonstrate probiotic treatment signi�cant
decreases neuroin�ammation when compared to CCI alone. Data are mean +/- SEM, Student’s T-Test: * =
p ≤ 0.05, ** = p ≤ 0.001.
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Figure 4

Immunophenotyping of isolated cells from intestinal Peyer’s Patches at 72 hours after injury: sham (n=7),
injured animals without any treatments (CCI, n=8), injured animals receiving probiotics (CCI-Pro, n=12),
and injured animals receiving antibiotics (CCI-Abx, n=12). a. Seventy-two hours after CCI, antibiotic
treatment increases natural killer cells in Peyer’s Patches. b. Neither antibiotic or probiotic treatment
affected monocytes in the Peyer’s patches, however there was an overall signi�cant as measured by One-
way ANOVA (p<0.05). Data are mean +/- SEM, ANOVA, Dunnett’s post-hoc test: **** = p ≤ 0.0001.
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Figure 5

Immunophenotyping of isolated cells from intestinal Peyer’s Patches at 21 days after injury: sham (n=8),
injured animals without any treatments (CCI, n=8), injured animals receiving probiotics (CCI-Pro, n=8), and
injured animals receiving antibiotics (CCI-Abx, n=8). Cells are demonstrated as percent gated cells to
allow for comparison between experimental groups. a-d. Twenty-one days after TBI, antibiotic and
probiotic treatments increase monocytes, CD11bc+, natural killer cells, and CD3+ cells in Peyer’s patches.
Data are mean +/- SEM, ANOVA, Dunnett’s post-hoc test: * = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001.
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Figure 6

Immunophenotyping of isolated cells from mesenteric lymph nodes at 21 days after injury: sham (n=8),
injured animals without any treatments (CCI, n=8), injured animals receiving probiotics (CCI-Pro, n=8), and
injured animals receiving antibiotics (CCI-Abx, n=8). Cells are demonstrated as percent gated cells to
allow for comparison between experimental groups. a-b. At 21 days post injury, CD11bc+ and CD161
activation is ampli�ed by antibiotics, demonstrating a pro-in�ammatory response in the mesenteric
lymph nodes. Data are mean +/- SEM, ANOVA, Dunnett’s post-hoc test: * = p ≤ 0.05, **.
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Figure 7

There is no change in the alpha ( ) diversity between Sham (n=8) and severely injured (CCI, n=8) animals
over a time course of 3 days. a-d. Fig. a and b display observed organized taxonomic units (OTUs). Fig. c
and d display the  diversity as the Shannon indices. Fig.a and c show the  diversity for animals that
received no probiotics (No Tx) and the two experimental groups are further strati�ed into two timepoints:
baseline (orange) and post-injury day 3 (blue). Fig. b and d show animals that were treated with probiotic
Lactobacillus reuteri (LR) and are also strati�ed into two timepoints. Baseline samples were obtained
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prior to injury and/or treatment. Day 3 samples were obtained 3 days after CCI. There were no signi�cant
differences found between groups using the Kruskal-Wallis test. e-h. There is no change in the beta (β)
diversity between Sham (n=8) and severely injured (CCI, n=8) animals over a time course of 3 days. Fig. e
represents Sham animals that did not receive probiotics (No Tx) as a time course over 3 days. Baseline
fecal samples were collected prior to injury (orange). Day 3 fecal samples were obtained 3 days after CCI
(blue). Fig. f represents injured animals (CCI) that did not receive probiotics and displays the progression
of the β diversity over 3 days. There was no change in the β diversity of the microbiome with injury alone.
Fig. g represents Sham animals that received probiotics for 3 days after injury. Baseline sample (orange)
was collected prior to injury and treatment with probiotics. There was no change in the β diversity of the
microbiome with probiotics alone. The β diversity displayed is a measure of weighted UniFrac distances;
PCoA plots utilize Monte Carlo permutation tests to estimate p-values.
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Figure 8

a-d. There is signi�cant reduction of alpha ( ) diversity over a time course of 3 days after being treated
with broad spectrum antibiotics. Animals received antibiotics for 7 days prior to becoming injured (n=8).
e-f. There is a signi�cant shift in the (β) diversity within Sham (n=8) and CCI animals (n=8) after
treatment with antibiotics. There was a signi�cant shift in the β diversity of the microbiome with
treatment of antibiotics. The β diversity displayed is a measure of weighted UniFrac distances; PCoA
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plots utilize Monte Carlo permutation tests to estimate p-values. Statistical analyses utilized Kruskal-
Wallis tests. g-h. Treatment with antibiotics caused a signi�cant change in the relative abundance based
on the most abundant phyla isolated from fecal samples. Fig. g represent the entire cohort of animals
that received antibiotics (n=16). Fig. h further stratify the data into Sham (C, n=8) and CCI (D, n=8) and
show the progression of their microbiome from baseline to post-injury day 3, while receiving antibiotic
treatment. i. There are signi�cant differences between relative abundances between experimental groups
when strati�ed into taxonomic order. The left sided plot demonstrates Sham animals, and the right sided
plot demonstrates injured (CCI) animals. Within the Sham animals, there are multiple signi�cant
differences between the baseline sample and day 3 sample. However, while the same trend is seen within
the CCI animals, there are several more signi�cant changes in the microbiome pro�le of these animals
when compared to Sham animals. Statistical analysis was done utilizing Mann-Whitney tests. ( * = p ≤
0.05).


