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Abstract

Traumatic brain injury (TBI) patients are at high risk for disruption of the gut microbiome. Previously, we
have demonstrated that broad-spectrum antibiotic exposure after TBI drastically alters the gut microbiota
and modulates neuroinflammation, neurogenesis, and long-term fear memory. However, these data did not
determine if the impact of antibiotic exposure on the brain’s response to injury was mediated directly by
antibiotics or indirectly via modulation of the gut microbiota. We designed two different approaches to ad-
dress this knowledge gap. One was utilizing fecal microbiota transplantation (FMT) from control and
antibiotic-treated mice (treated with vancomycin, neomycin, ampicillin, and metronidazole [VNAM]) into
germ-free (GF) mice prior to injury, and the other was exposing specific pathogen-free (SPF) mice to a 2-
week period of antibiotics prior to injury but discontinuing antibiotics 72 h prior to injury. GF mice receiving
FMT from VNAM-treated mice (GF-VNAM) demonstrated reduced gut bacterial alpha diversity and richness
compared with GF mice receiving control FMT. At 7 days post-injury, GF-VNAM had increased microglial
activation, reduced infiltration of T cells, and decreased neurogenesis. Similarly, SPF mice exposed to anti-
biotics prior to but not after injury demonstrated similar alterations in neuroinflammation and neurogenesis
compared with control mice. These data support our hypothesis implicating the gut microbiota as an im-
portant modulator of the neuroinflammatory process and neurogenesis after TBl and provide an exciting
new approach for neuroprotective therapeutics for TBI.
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Introduction

The gut microbiota, composed of tens of trillions of micro-
organisms in the gastrointestinal tract, has been implicated
in brain homeostasis in health and disease."* The activity
and composition of the gut microbial populations regulate
a considerable number of biological processes, including
gut motility, immune response, and homeostasis of the

central nervous system (CNS).? This relationship is well
described as the gut-brain axis, a bidirectional communi-
cation through neuro-endocrine-immunological signal-
ing.* Alterations in composition or metabolic activity
such as change in diet, antibiotic exposure, or stress can in-
duce profound changes in the gut bacteria population and
can influence brain homeostasis and behavior in mice.’
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Microglia maturation and function is influenced by gut
microbiota through bacterially derived metabolites, specif-
ically short-chain fatty acids (SCFAs).® Recently, it also
has been shown that brain-resident CD4+ T cells are re-
quired for microglial maturation, and that their absence re-
sults in defective synaptic pruning and behavior deficits.’
Further, intestinal microbes have emerged as a potent reg-
ulator of lymphocyte populations, including regulatory T
(Treg) and ydT cells, suggesting another possible mecha-
nistic link for gut microbiota control of microglia matura-
tion and homeostasis in health and diseases such as stroke,®
multiple sclerosis,” and/or traumatic brain injury (TBI)."

The gut microbiota’s influence on TBI is of paramount
clinical significance, as TBI patients are highly suscepti-
ble to alterations in the gut microbiota because of frequent
antibiotic administration, prolonged hospitalization, and
autonomic dysfunction.“ Recently, our research team
has demonstrated that antibiotic-induced gut microbial
dysbiosis exacerbated microglia activation, reduced T
cell infiltration, and decreased neurogenesis, with long-
term consequences for neuronal survival and fear memo-
ry.'>!3 However, these studies did not directly evaluate
whether antibiotic-induced changes in the brain’s re-
sponse to TBI were via a direct effect of these pharmaceu-
ticals on the brain or instead mediated indirectly via
modulation of the bacterial gut microbiome.

In this report, using fecal microbiota transplantation
(FMT) into germ-free (GF) mice, or discontinuation of
antibiotics exposure 72 h prior to injury, we have repro-
duced our previously described antibiotic-associated al-
terations in microglia morphology, T cell infiltration,
and neurogenesis after TBI. Therefore, our findings sup-
port that the gut microbiota serves as an important modu-
lator of the neuroinflammatory process and neurogenesis
after TBIL.

Methods

Animals

GF C57BL/6J and SPF C57BL/6J 8-week-old male mice
(Jackson Laboratory, Bar Harbor, ME) weighing 20-25 g
were used. Animals were housed five per cage and had
free access to water and food with a 12-h light/dark
cycle. GF mice were housed in the Gnotobiotic Core
Facility at Washington University School of Medicine

in St. Louis, including during the period of fecal micro-
biota transplant, until controlled cortical impact. There-
after, GF mouse cages were sealed shut and not opened
until the mice were euthanized.

Controlled cortical impact (CCl)

All procedures were approved by the Washington Uni-
versity Animal Studies Committee (Protocol 19-0864)
and are consistent with the National Institutes of Health
guidelines for the care and use of animals. Briefly, mice
were anesthetized with 5% isoflurane at induction, fol-
lowed by maintenance at 2% isoflurane for the proce-
dure’s duration. Buprenorphine sustained release
(0.5mg/kg subcutaneously) was administered before
scalp incision. The head was shaved and ear bars were
used to stabilize the head within the stereotaxic frame
(MyNeurolab, St. Louis, MO). Then, a single 5-mm cra-
niectomy was performed using an electric drill on the left
lateral side of the skull centered 2.7 mm lateral from the
midline and 3 mm anterior to lambda. A 3-mm electro-
magnetic impactor tip was aligned with the craniectomy
site at 1.2 mm left of midline and 1.5 mm anterior to the
lambda suture. The impact was delivered at 2 mm depth
(velocity 5Sm/sec, dwell time 100ms) inducing CCI.
The ears bars were released immediately after the injury.
All animals then received a loose-fitting plastic cap se-
cured over the craniectomy with Vetbond (3M, St.
Paul, MN). The skin was closed with interrupted sutures
and was treated with antibiotic ointment before the
mouse recovered from anesthesia on a warming pad.

Antibiotic-induced depletion of the microbiota

To deplete the bacterial microbiota, we used broad-
spectrum antibiotics in the drinking water: 250 mg vanco-
mycin, 500mg neomycin-sulfate, 500 mg ampicillin,
500 mg metronidazole (VNAM), and 10g grape Kool-
Aid (Kraft Heinz, IL, Chicago) in 500 mL water, which
was sterile filtered through a 0.22 um filter as previously
described.'?

Fecal microbiota transplantation

We performed two FMTs of the gut microbiota from
VNAM- or Kool-Aid-treated uninjured animals into GF
mice at Day 0 and Day 7 prior to injury (Fig. 1A). After

FIG. 1.

>

Fecal microbiota transplantation from antibiotic-treated mice induces gut microbial dysbiosis in germ-free

(GF) mice over time. (A) Experimental design; GF mice were gavaged with two fecal microbiota transplants (FMT)
of the gut microbiota from mice treated with vancomycin, neomycin, ampicillin, and metronidazole (VNAM) (GF-
VNAM) or Kool-Aid (GF-Kool-Aid) uninjured animals on Day 0 and Day 7. Ten days after the second FMT, we then
performed controlled cortical impact (CCl) on the fecal transplant recipient GF mice. (B) Ceca from GF-Kool-Aid
(control) and GF-VNAM mice. (C) Graph depicts of richness and Shannon o-diversity index of grouped data.
Kruskal-Wallis analysis of variance (ANOVA) (***p <0.001). (D) fS-diversity graphs using weighted UniFrac distance
metrics of bacterial community structures. Adonis (PERMANOVA) analysis (***p < 0.001).
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7 days of VNAM and Kool-Aid treatment, we extracted 10
pellets from each group right before Day 0 and Day 7 to
make a fresh fecal slurry. We used a different cohort of
VNAM mice (5 mice each) for each extraction. Briefly,
four to five mouse fecal pellets were collected 7 days
after VNAM or Kool-Aid treatment. The pellets were
mixed with phosphate-buffered saline (PBS) and after
5 min, the sample was vortexed to break up the fecal matter
and allowed to sit for ~5 min to allow for debris to settle.
The supernatant was then removed with an uncut P1000 pi-
pette tip into a sterile 5 mL tube to avoid material clogging
the gavage needle. Mice were gavaged with a sample vol-
ume of 250 uL. Ten days after the last FMT, we performed
CClI in all the mice and they remained in sealed cages in the
animal facility for 7 days before being euthanized.

Fecal bacterial 16S rRNA gene analysis

Fecal pellets were collected into sterile 1.7mL tubes.
Phenol:chloroform-extracted DNA from fecal pellets was
used for 16S rRNA gene sequencing. For 16S sequencing,
primer selection and polymerase chain reactions (PCRs)
were performed as described previously.'* Briefly, each
sample was amplified in triplicate with Golay-bar coded
primers specific for the V4 region (F515/R806), com-
bined, and confirmed by gel electrophoresis. PCR reac-
tions contained 18.8 ul. RNase/DNase-free water, 2.5 ul.
10x High Fidelity PCR Buffer (Invitrogen, 11304-102),
0.5uL 10mM deoxynucleoside triphosphates (dNTPs),
1 4L 50 mM MgSOQO,, 0.5 uL. each of the forward and re-
verse primers (10 uM final concentration), 0.1 uL. Plati-
num High Fidelity Taq (Invitrogen, 11304-102), and
1.0 uL genomic DNA. Reactions were held at 94°C for
2 min to denature the DNA, with amplification proceeding
for 26 cycles at 94°C for 15 sec, 50°C for 30 sec, and 68°C
for 30 sec; a final extension of 2 min at 68°C was added to
ensure complete amplification. Amplicons were pooled
and purified with 0.6x Agencourt AMPure XP beads
(Beckman-Coulter, A63882) according to the manufactur-
er’s instructions. The final pooled samples, along with al-
iquots of the three sequencing primers, were sent to the
DNA Sequencing Innovation Lab (Washington University
School of Medicine) for sequencing by the 2 x 250 bp pro-
tocol with the Illumina MiSeq platform.

Read quality control and the resolution of amplicon se-
quence variants were performed with the dada2 R pack-
age.15 Amplicon sequence variants that were not
assigned to the kingdom bacteria were filtered out. The
remaining reads were assigned taxonomy using the Ribo-
somal Database Project (RDP trainset 16/release 11.5)
16S rRNA gene sequence database.'® Ecological analy-
ses, such as alpha-diversity (richness, Faith’s phyloge-
netic diversity) and beta-diversity analyses (weighted
UniFrac distances), were performed using PhyloSeq
and additional R packages.17

Cell isolation from brain and blood samples

The blood and the regions of interest in the ipsilateral
brain (hippocampus and cortex) were harvested 7 days
after injury. Five animals (from all conditions) were pro-
cessed per day with a total of 20 samples at the time.
Mice were anesthetized with isoflurane, and blood sam-
ples were taken in ethylenediaminetetraacetic acid
(EDTA) tubes immediately before transcardial perfusion
with ice-cold 0.1 M heparinized PBS. The brain regions
of interest were dissected out on ice and digested at
37°C for 15min with collagenase D (400 units/mL,
Roche) in Dulbecco’s PBS (Lonza, Basel, Switzerland),
each containing 50 ug/mL of DNase I (Sigma-Aldrich).
The tissue was then mechanically dissociated with a
glass Pasteur pipette, filtered through a 70-pum nylon
cell strainer, and centrifuged at 950rpm for 15min.
A 25% Percoll (Sigma-Aldrich) column was used to
remove cell debris and myelin, followed by centrifugation
at 1700 rpm for 10 min. A 25 uL.-blood sample was mixed
with 1 X Red Blood Lysis Buffer (Roche) and incubated in
rotation for 15min at room temperature (RT). Samples
were then centrifuged at 3500 rpm for 5min at RT. The
supernatant was discarded, and cells were washed and
resuspended in 1 mL of cytometer buffer (0.5% bovine
serum albumin [Sigma-Aldrich], 5mM EDTA (Millipore,
Burlington, MA) in PBS). Then, the cells were resus-
pended in 100 uL. of cytometer buffer and stained.

Cell isolation of lamina propia (LP) immune cells

The small intestines were removed and separated. Peyer’s
patches were excised, and intestines were cleaned of mes-
enteric fat and intestinal contents with PBS. Then intes-
tines were opened longitudinally, washed with Hanks’
Balanced Salt Solution (HBSS)/HEPES, cut into 1-cm
pieces and placed into 20 ml of HBSS/HEPES 10% bo-
vine calf serum (BCS) and 5mM EDTA for 20 min at
37°C. During this period, tissue suspensions were vor-
texed for 15sec each 5Smin. Tissue pieces were washed
with HBSS/HEPES to remove EDTA, minced thor-
oughly, and placed into 10 mL RMPI with 10% fetal bo-
vine serum (FBS), 0.01M HEPES, 1Xxkanamycin,
1 X GlutaMAX™, 1 X sodium pyruvate, 1 X non-essential
amino acids, 10mg/mL. DNAase I (Roche) and
100 U/mL collagenase IV (Sigma). Tissues were digested
at 37°C for 50 min with constant agitation (250 rpm). The
resulting LP cell suspensions were filtered through a
70-um nylon cell strainer and washed with 10mL
HBSS/HEPES. LP cell suspensions were collected at
2000rpm for 10min at 4°C. Cell pellets were resus-
pended in 4 mL 40% Percoll (GE Healthcare) and over-
laid over 3mL of 80% Percoll. Gradients were
centrifuged at 2000 rpm for 20 min at 4°C, and cells at
the interface were collected and washed with 50 mL
PBS. Cells were stained for flow cytometric analysis.
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Flow cytometry analysis

Cells were incubated for 5 min at room temperature (RT)
with Zombie NIR Dye (BioLegend, San Diego, CA) to
assess their viability. The Zombie NIR Dye was
quenched, and cells were washed with cytometry buffer
and blocked with FcR blocking reagent (1:50, Miltenyi
Biotec, Bergisch Gladbach, Germany). Then, the samples
were washed with cytometry buffer, stained with antibod-
ies (Table 1) for 15min at RT, and analyzed on a BD
LSRFortessa flow cytometer (BD Biosciences, Franklin
Lakes, NJ) using the Software v10.6.1 (BD Biosciences,
Franklin Lakes, NJ). Microglial cells were defined as
CD45'VCD11b* and T cells were defined as CD45""
CD11b CD3™. Fluorescence minus one (FMO) and iso-
type control antibodies were used as negative controls
for each marker.

BrdU treatment

For the analysis of neurogenesis, the animals received intra-
peritoneal injections of 5-bromo-2’-deoxyuridine (BrdU,
Sigma-Aldrich) 50 mg/g of body weight at a concentration
of 10 mg/mL in sterile saline daily, starting on post-injury
Days 3-6.

Tissue processing

Mice were anesthetized by isoflurane followed by cervi-
cal dislocation and transcardial perfusion with ice-cold
0.1 M heparinized PBS (pH 7.4) followed by 4% parafor-
maldehyde (PFA, Sigma-Aldrich, St Louis, MO). Per-
fused brains were kept in 4% PFA at 4°C overnight,
followed by equilibration in 30% sucrose for at least
48 h before sectioning.

Immunohistochemistry

Histological sections were examined to assess microglia
and neurogenesis alteration in the hippocampus. Immu-
nofluorescence staining was performed on free-floating
sections (50-um thick). The serial sections were cut on
a freezing microtome starting with the appearance of a
complete corpus callosum and caudally to bregma -
3.08 mm. Sets of 12 sections spaced every 300 um were
mounted on glass slides and used for immunohistochem-
ical studies. Staining was performed on free-floating sec-
tions washed in PBS between applications of primary and
secondary antibodies. For BrdU immunostaining, a
widely used procedure is to perform an incubation in
1IN HCl (30min at 45°C) to denature the DNA after
the PBS washes. Normal donkey serum (NDS) (20%)
in PBS was used to block non-specific staining for all
antibodies. Slices were then incubated at 4°C overnight
with the primary antibodies (Table 1). The following
day, antibody binding was detected by incubating sec-
tions with Alexa fluorescence secondary antibody
(Table 1) for 2 h. Sections were mounted on glass slides
in PBS, dried, and cover-slipped with mounting medium
for fluorescence with DAPIL.

Three-dimensional reconstruction of microglia

We followed a published protocol for microglia morphol-
ogy analysis:6 50-um thick sections were stained with
ionized calcium binding adaptor molecule 1 (Ibal)
(Table 1) 4°C overnight, followed by Alexa Fluor 488—
conjugated secondary antibody (Table 1) staining for
2h. Sections were mounted on glass slides in tris-
buffered saline (TBS)-X, dried, and cover-slipped with
mounting medium for fluorescence with DAPI VECTOR

Table 1. Overview of the Primary Antibodies Used in the Present Study

Antibody Fluorophore Clone Species Source Product number
CD45 BV425 30-F11 Rat monoclonal BioLegend 103134
CD3e¢ AF700 500-A2 Armenian Hamster monoclonal BioLegend 100320
CD4 BUV395 GK1.5 Rat monoclonal BD Biosciences 565974
CD8a PerCP-Cy5.5 53-6.7 Rat monoclonal BioLegend 100733
CDl11b BV510 M1/70 Rat monoclonal BioLegend 101263
TCR 7o FITC GL3 Armenian Hamster monoclonal BioLegend 118105
CD25 PE PC61 Rat monoclonal BioLegend 102007
MHC-1I PerCP-710 AF6-120.1 Mouse monoclonal eBioscience 46-5320-80
TLR4 PE-Cy7 SA15-21 Rat monoclonal BioLegend 145407
Ly6C BV785 HK1.4 Rat monoclonal BioLegend 128041
Ly6G AF700 1A8 Rat monoclonal BioLegend 127622
NeuN A60 Mouse monoclonal Millipore MAB377
DCX Rabbit polyclonal Abcam Abl18723
BrdU BU1/75 Rat monoclonal Abcam Ab6326
Ibal NCNP24 Rabbit polyclonal Wako 019-19741
Secondary AF594 Donkey anti-rat Thermo A-21209
antibody Fisher
Secondary AF647 Donkey anti-mouse Thermo A-31571
antibody Fisher
Secondary AF488 Donkey anti-rabbit Thermo A-21206
antibody Fisher
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Laboratories, Burlingame, CA, USA). Imaging was per-
formed on a Zeiss LSM 880 confocal laser scanning mi-
croscope (Zeiss, White Plains, NY) using a 20x0.8 NA
objective. Z-stacks were done with 1.00-um steps in z di-
rection; 1024 x 1024 pixel resolution was recorded and
analyzed using IMARIS software (Bitplane, Concord,
MA). From each image, three hippocampal microglia
that were completely within the z-stack image from the
ipsilateral cornu Ammonis (CA)3 striatum radiatum
were selected by a blinded observer. The filament tracer
function was utilized in IMARIS to quantify branch
length, volume, number of branch points, and terminal
points. A total of three microglia were analyzed from
each mouse.

Statistical analysis

All data were analyzed using GraphPad Prism 9 (La Jolla,
CA). Data results are presented as mean * standard error
of the mean. There was no evidence for significant devi-
ations from normal distribution (p>0.05 by Shapiro-
Wilk tests). Data were analyzed with student ¢ test. All
analysis was performed blinded to group assignment.

Results

Fecal microbiota transplantation

from antibiotic-treated mice induces gut

microbial dysbiosis in GF mice

We transplanted FMT from VNAM-treated and control
animals into GF mice to test our hypothesis that antibiotic
modulation of neuroinflammation after TBI is mediated
through changes in the gut microbiota. Stool samples
were collected from VNAM-treated or Kool-Aid-treated
mice and were transferred to GF C57BL/6 male mice
(GF-VNAM and GF-Kool-Aid, respectively) (Fig. 1A)
at Day 0 and Day 7. At 7 days post-injury (Day 24),
GF-VNAM mice had enlarged ceca compared with GF-
Kool-Aid mice (Fig. 1B). Sequencing analysis of the
V4 region of the 16S rRNA gene in DNA isolated from
stool at both Day 17 and Day 24 within the groups
revealed reduced bacterial alpha diversity and richness
in GF-Kool-Aid mice (Fig. 1C, top graphs) which were
more pronounced in GF-VNAM mice (Fig. 1C, bottom
graphs). Beta-diversity analysis using weighted UniFrac
distance metrics similarly revealed that GF-Kool-Aid
mice (Fig. 1D, left graph) had significantly altered bacte-

rial community structures over time, which were more
pronounced in GF-VNAM (Fig. 1D, right graph).

Comparing the 16S sequencing results between groups
at both Day 17 and Day 24, data revealed reduced bacte-
rial alpha diversity and richness in GF-VNAM mice com-
pared with those of GF-Kool-Aid mice (Fig. 2A),
mirroring the differences observed in the gut microbiota
in VNAM-treated animals.' Beta-diversity analysis
using weighted UniFrac distance metrics similarly
revealed that GF-VNAM mice had significantly altered
bacterial community structures compared with GF-
Kool-Aid mice at both Day 17 and Day 24 (Fig. 2B).
Whereas analysis of the family-level taxonomic composi-
tion indicated enhanced relative abundance of Verrucomi-
crobiaceae and loss of Ruminococcaceae in GF-VNAM
mice at Day 17, community composition differences
were even more dramatic at Day 24, wherein Verrucomi-
crobiaceae was relatively increased associated with
relative loss of Erysipelotrichaceae, Lachnospiraceae,
Ruminococcaeae, and Porphyromonadaceae in GF-
VNAM compared with GF-Kool-Aid mice (Fig. 2C).
These findings indicate continued differences in bacterial
communities independent of the direct concurrent effect
of antibiotics between the groups after injury and removal
from the gnotobiotic facility.

Fecal transplantation from VNAM-treated mice
results in decreased neurogenesis in injured

GF mice

An increase of neurogenesis at the subgranular zone
(SGZ) of the dentate gyrus (DG) has been described
after TBI in mice'®'? and humans,? suggesting that the
death of pre-existing granule neurons in the DG may
act as a trigger for enhanced neurogenesis.'® We have
previously reported significant reductions in neurogene-
sis after TBI in mice with antibiotic-induced gut micro-
bial dysbiosis.'? To determine if the antibiotic-induced
reductions in neurogenesis are mediated by changes in
the gut microbiota, we assessed neurogenesis in GF-
VNAM and GF-Kool-Aid mice 7 days after CCI
(Fig. 3A). We observed a significantly reduced number
of doublecortin (DCX)-positive cells in the DG of GF-
VNAM compared with GF-Kool-Aid mice (Fig. 3B),
supporting our hypothesis that antibiotic exposure modu-
lates neurogenesis via alterations in the gut microbiota.

FIG. 2.

>

Fecal microbiota transplantation from antibiotic-treated mice induces gut microbial dysbiosis in germ-free

(GF) mice compared with controls. (A) Graph depicts of richness and Shannon o-diversity index of grouped data.
Kruskal-Wallis analysis of variance (ANOVA) (***p <0.001). (B) f-diversity graphs using weighted UniFrac distance
metrics of bacterial community structures. Adonis (PERMANOVA) analysis (***p <0.001). (C) Family-level
phylogenetic classification of fecal 16S rDNA gene frequencies from GF-Kool-Aid and GF-vancomycin, neomycin-
sulfate, ampicillin and metronidazole treated (VNAM) mice at the time of injury (Day 17) and before euthanasia
(Day 24). Each bar represents an individual animal. Only families with a frequency >5% were included.
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FIG. 3. Neurogenesis reduction in germ-free (GF) transplanted mice 7 days after injury. (A) Representative
images of the subgranular zone (SGZ) in the dentate gyrus (DG) of the hippocampus labeled with
doublecortin (DCX) (green) and DAPI (blue). Scale bar 20 um. (B) Quantification of stained cells per area.
Three slices from the hippocampus spaced 300 um apart were evaluated for each mouse. Mean values are
plotted £ standard error of the mean (SEM), Unpaired t test (***p <0.001).

Fecal transplantation from VNAM-treated mice
alters local and peripheral immune infiltration

after TBI in GF mice

Microglia, the innate immune cells in the brain, are mod-
ulated by the gut microbiota during maturation and func-
tion.® To investigate the effect of depleted microbiota on
microglial response after TBI, we performed a semiauto-
matic quantitative morphometric three-dimensional mea-
surement of hippocampal microglia 7 days after injury
(Fig. 4A). We found significantly shorter dendrite length
(Fig. 4B), and a decrease of volume (Fig. 4C), branch
points (Fig. 4D), segment points (Fig. 4E), and terminal
points (Fig. 4F) in the GF-VNAM mice compared with
the GF-Kool-Aid mice. These microglial morphological

changes support the direct impact of the gut microbiome
on microglial response after TBI.

We have observed that antibiotic-induced gut microbial
dysbiosis after TBI reduces peripheral recruitment of
monocytes (3 days post-injury) and lymphocytes (7 days
and up to 30 days post-injury) to the brain.'? To determine
if antibiotic-induced reduction of peripheral immune cell
infiltration after TBI is mediated by the gut microbiota,
we measured the peripheral immune response in the
brain parenchyma 7 days after injury by flow cytometry
in GF mice receiving FMT (Fig. 5A). We found a trend
of decreasing of CD45+ cells in GF-VNAM mice com-
pared with GF-Kool-Aid mice (Fig 5B). We found a signif-
icant decrease in CD3 T cells (Fig. 5C), ydT cells
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(Fig. 5D), CD4 T cells (Fig. 5E), CD4"CD25" T cells
(T reg. Fig. 5F), and infiltration in the brains of GF-
VNAM mice compared with those GF-Kool-Aid mice,
with no changes in CD8+ cells population (Fig 5G). More-
over, we also observed a significant decrease in Ly6C"e"
monocytes (Fig. 5SH) brain infiltration in GF-VNAM
mice, but found no differences in microglia number
(Fig. 5I) or expression of microglial activation markers
(toll-like receptor [TLR]4, Fig. 5J or major histocompati-
bility complex [MHCIII, Fig. 5K) or neutrophils (Fig. SL).

Fecal transplantation from VNAM-treated mice

does not alter peripheral immune response

in the small intestine or blood after TBI

Additionally, we performed flow cytometry in the LP of
the small intestine and peripheral blood at 7 days post-

injury to assess the peripheral immune system response
in other compartments. We did not find differences in
the T cell populations of the LP (Fig. 6B—H) or blood
(Supplementary Fig. S1B-I) between the two FMT
groups 7 days after injury. However, we did observe a
significant increase in monocyte response (Ly6CMe
cells, Fig. 6H) in GF-VNAM compared with GF-Kool-
Aid mice in the LP. These data demonstrated that reduced
brain infiltration of peripheral immune cells after TBI in
GF-VNAM mice cannot be explained by suppression of
these cell populations in systemic compartments.

Antibiotic exposure prior to but not after injury
results in decreased neurogenesis

The experimental design of antibiotic depletion of the gut
microbiota prior to TBI (Fig. 7A) was used to further
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Local immune alterations in the brain of germ-free (GF) transplanted mice 7 days after injury.

(A) Gating strategy of the adaptive immune response in the brain. (B-L) Quantification of cell absolute
numbers in the hippocampi and cortices. (B) Leukocytes (CD45), (C) CD3 T cells (CD11b°CD3%), (D) T reg.
cells, (E) CD4 T cells (CD11b°CD3*CD4"), (F) CD11b°CD47CD25™, (G) CD8 T cells (CD11b°CD3*CD8™),

(H) Ly6CM9" cells, (1) microglia (CD45'°Y CD11b) and microglial activation markers, (J) fluorescence median
intensity (FMI) of toll-like receptor (TLR)4, (K) FMI major histocompatibility complex (MHC)II, and (L) Ly6G
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delineate the direct and indirect effects of antibiotic expo-
sure on TBI. SPF C57BL/6 mice were treated with VNAM
or Kool-Aid control in the drinking water for a 2-week pe-
riod prior to injury to modulate the microbiota. Antibiotics
were discontinued 72 h prior to injury to limit any direct
effects of ongoing antibiotic exposure on the immune
and brain response after CCL. BrdU was injected daily
on post-injury Days 3-6 to label newly formed neurons
(Fig. 7A). We stained ipsilateral hippocampus sections

by immunofluorescence (Fig. 7B) and analyzed the num-
ber of BrdU'DCX'-positive cells and BrdU'NeuN'-
positive cells in the DG. Consistent with our previous
report,'? we observed a significant reduction in the number
of BrdU" neuronal cells in the DG of antibiotic-exposed
mice (CCI-VNAM) compared with control mice (CCI-
Kool-Aid) (Fig. 7C), supporting that antibiotic exposure
modulates TBI-induced neurogenesis via alteration of the
gut microbiota as opposed to direct pharmaceutical effects.
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FIG. 7. Antibiotic exposure prior to injury
reduces adult hippocampal neurogenesis.

(A) Experiment design; mice were exposed to
vancomycin, neomycin-sulfate, ampicillin and
metronidazole (VNAM) or Kool-Aid control for a
2-week period prior to injury to modulate the
microbiota, but discontinued antibiotics 72 h
prior to injury. All animals survived 1 week post-
injury with regular drinking water until
euthanasia. 5-bromo-2'"-deoxyuridine (BrdU)
injections were given the last 4 days prior to
euthanasia. (B) Representative images of the
subgranular zone (SGZ) in the dentate gyrus
(DG) of the hippocampus labeled with BrdU
(red), NeuN (magenta), and DCX (green). Scale
bar=20 um. (C) Summation of total neuronal
lineage cells per area of hippocampi. Mean
values are plotted + standard error of the mean
(SEM), unpaired t test (****p <0.0001).

Antibiotic exposure prior to but not

after injury alters local and peripheral

immune brain infiltration

Discontinuation of antibiotics 72 h prior to injury signif-
icantly altered microglia morphology (Fig. 8A), with a

decrease in volume (Fig. 8C) and in the number of branch
points (Fig. 8D) and terminal points (Fig. 8F) in CCI-
VNAM compared with CCI-Kool-Aid mice.

We also observed changes in peripheral immune infil-
tration to the injured brain in CCI-VNAM mice (Fig. 9A).
There were significant decreases in CD45" cells (Fig. 9B),
CD3 T cells (Fig. 9C), and monocytes (Ly6Chigh, Fig. 9G)
without changes in either microglia number (Fig. 9E) or
activation (Fig. 9J and K) in CCI-VNAM compared
with CCI-Kool-Aid mice. Therefore, modulation of the
microbiota even when antibiotics are discontinued 72h
prior to TBI resulted in microglial morphology changes
toward more ameboid forms and reduced peripheral im-
mune infiltration, similar to our findings in the GF-
VNAM mice. In sum, our findings support that depleted
and altered microbiota, and not direct effects of antibiot-
ics, underlie altered immunological responses to TBI.

Discussion

This report provides further evidence for the important
role that gut microbiome plays in modulating immune re-
sponses after TBI. Injured GF mice transplanted with
VNAM stool showed a clear alteration in microglia mor-
phology, a significant decrease in T cell infiltration into
the brain, and a reduction in adult hippocampal neurogen-
esis after injury. Additionally, previous antibiotic expo-
sure wherein antibiotics were discontinued prior to
injury showed a significant alteration of microglia mor-
phology along with reductions in peripheral immune
cell infiltration and hippocampal neurogenesis. There-
fore, these data implicate the gut microbiota as an impor-
tant modulator of the neuroinflammatory process and
neurogenesis after TBI.

Transplanting FMT into GF mice, our group was able
to provide further evidence that modulation of the gut
microbiome has a profound impact on the neuroimmune
response and neurogenesis after TBI. This is the first re-
port to our knowledge that utilized GF mice as a tool in
pre-clinical TBI research. Changes in the gut microbiome
after TBI have been reported in animal and human stud-
ies.”!™?* We found significant reductions in the richness
and diversity of the gut microbiome 7 days after injury
in both groups of GF transplant recipients, but the ab-
sence of sham groups restricts us from determining if
these changes were completely injury dependent. In
GF-VNAM mice at 7 days post-injury, we found reduc-
tions in gut bacteria from the Ruminococcaceae, and Por-
phyromonadaceae families with concomitant increases in
bacteria from families that contain opportunistic patho-
gens including Bacteroidaceae and Verrucomicrobia-
ceae. Interestingly, a depletion of bacteria from the
Ruminococcaceae family in mice has been associated
with a reduction in fecal SCFAs, poorer spatial memory
performance, and phenotypic changes in microglia.24 In



784

CELORRIO ET AL.

cCl-Kool-Ald |

CCEVNAM

800

600 -

iy

Dendrite length (um)
8 8
(=] (=]
L]

=]

Cc

2500 ; -

@
=]

2000+

1500 —f*—
[ N ]

@
=

g
ol 4
o«

1000

\||":ilur'r1eﬁ|m)3

(=]
=]

-
-
]

500

Number of branch points )

o

0 : .
CCl-Kool-Aid CCL-VNAM

w 150
.3 200 > £
2 g .
= 150 R -
s I 2 100 o
g oy " £ ol
o O
100 L]
3 = 8
5 5 50
e
g 50 =
E E
s =
F4 0 = [

——
CCl-Kool-Aid CCI-VNAM

CCl-Kool-Aid CCI-VNAM

FIG. 8. Antibiotic exposure prior to injury alters microglia morphology following traumatic brain injury
(TBI). (A) Representative three-dimensional reconstruction images of microglia cells. Scale bar=15 um. (B-F)
Quantification of microglia morphology. (B) Dendrite length, (C) volume, (D) number of branch points,

(E) number of segment points, and (F) number of terminal points. Mean values are plotted + standard error
of the mean (SEM), unpaired t test (*p <0.05, ***p <0.001).

CCl-Kool-Aid CCI-VNAM

a CCI mouse model, the SCFA acetate has been shown to
improve spatial learning.' SCFAs as a possible mecha-
nistic link for gut modulation of neuroinflammation
after TBI is an exciting avenue for future study.

Adult hippocampal neurogenesis is thought to play an
important role in memory and learning in both health and
disease.” Microglia have been shown to be an important
regulator neurogenesis after injury.”® Repopulation of
microglia after depletion with a colony-stimulating factor
1 receptor inhibitor increased neurogenesis during a crit-
ical time window after TBI.? Interestingly, under micro-
bial dysbiosis conditions after injury, hippocampal
neurogenesis was reduced, with an increase in microglia
with a pro-inflammatory phenotype.'? Microglia can also
be influenced by the adaptive immune response (T cells)
in CNS injury.7’27’28 Moreover, hippocampal neurogene-
sis induced by an enriched environment was associated
with the recruitment of T cells and the activation of

microglia.”® In line with these reports, we provide evi-
dence for gut microbiota control of post-TBI hippocam-
pal neurogenesis and its association with microglial
morphology and T cell infiltration changes after injury.
However, further mechanistic studies are needed to deter-
mine if an important mechanistic link in gut microbiome
control of neurogenesis in the setting of injury is
microglia—T cell crosstalk-dependent.

Previously we reported that T cell infiltration in the
brain after TBI was suppressed in the presence of
antibiotic-induced gut microbial dysbiosis.'?> However,
the mechanisms by which gut dysbiosis alters the T cell
response after TBI remains unknown. The gut microbiota
influence the development and function of mucosal T
cells subsets, specifically intraepithelial lymphocytes
and LP CD4 T cells.*® We then wondered whether
changes in brain T cell infiltration were associated with
alterations in T cell populations in peripheral blood and
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injury (TBI). (A) Gating strategy of the innate and adaptive immune response in the brain 7 days after injury.
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small intestine (LP). Surprisingly, we did not find any dif-
ferences in the T cell populations between GF-VNAM
and GF-Kool-Aid mice in either compartment, and
found only an increase in the Ly6C monocyte population
in the GF-VNAM mice, which may be related to local
small intestine inflammation. Therefore, our data do not
support that the reduction in brain T cell infiltration after
injury in the presence of gut dysbiosis is caused by a con-
comitant reduction of T cells in other compartments. How-
ever, we did not perform flow cytometry at earlier time
points after FMT or CCI to assess differences in the tem-
poral dynamics of peripheral compartments between the
two FMT recipient groups. The signals for the activated
T cell to infiltrate the brain are associated with pattern rec-
ognition receptors on macrophages, dendritic cells, and
microglia.”’31 Future investigations are needed to study
the impact of gut microbial dysbiosis on chemokines/
cytokine production from the surrounding CNS cells
along with adhesion protein (vascular cell adhesion mole-
cule [VCAM] and intercellular adhesion molecule
[ICAM]) expression in the endothelial cells that may con-
trol T cell infiltration and/or proliferation in the brain.*?
Animal studies have identified sex- and age-related
differences in responses to injury and recovery.’>*
They have shown that manipulation of gonadal hormones
as well as age significantly influence injury recovery. In
addition, some reports have demonstrated that aging
causes gut dysbiosis and comprehensively dysregulates
bile acid homeostasis with increased systemic inflamma-
tion in a sex-specific manner.*>*® One limitation in our
investigation is the absence of experiments exploring
the impact of sex or age on the gut-brain axis after
TBI. Future investigations may include the interaction
of age and sex with the impact of gut microbiota on
brain responses in the setting of TBI. GF mice have dem-
onstrated social deficits and anxiety-like behavior alter-
ation.”” Feces from SPF donor mice were collected at
the end of 7 days of exposure to VNAM or Kool-Aid con-
trol. We did not measure antibiotic level in the fecal
slurry from the donor mice, and it is possible that the
GF mice had some exposure to VNAM prior to injury.
However, because CCI was not performed until 10 days
after the second FMT, it is unlikely to have impacted in-
jury response. We have previously measured large differ-
ences in the richness and diversity of the gut microbiome
in mice exposed to VNAM for 2 weeks prior to injury.'>
However, we did not measure the gut microbiome in the
cohort of mice exposed to antibiotics prior to CCI utilized
in the current experiments to confirm the differences in
richness and diversity between the antibiotic-exposed
and control groups. In our previous report, we did not ob-
serve differences in peripheral immune cell populations
in the brain or in neurogenesis in sham animals treated
with antibiotics compared with sham controls.'? How-
ever, we did observe differences in microglial morphol-

ogy between the two sham groups, highlighting gut
microbiota modulation of microglia as reported by oth-
ers.® A limitation of our current studies is the absence
of sham controls in our GF FMT experiments. GF mice
have significant differences in microglial morphology
compared with SPF mice during homeostasis,® and we
did not determine baseline changes in microglial mor-
phology in the GF recipients of FMT. We did not de-
scribe behavioral changes in this article because of the
length of our experimental design (1-week survival)
and the possible challenges related to maintaining the
transplanted gut microbiome in GF mice for an extended
period. A better understanding of the long-term changes
in the gut microbiome of FMT recipient GF mice after in-
jury is needed before embarking on investigations into
the chronic phase of TBI.

Conclusion

In summary, gut microbiota manipulation with FMT in GF
mice, and antibiotics prior to injury modulated the post-
injury neuroinflammatory response and adult hippocampal
neurogenesis, providing further evidence for an important
role of the gut-brain axis in acute TBI and a new avenue
for possible neuroprotective therapeutic development.
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