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ARTICLE INFO ABSTRACT

Keywords: Dysregulation of the gut microbiome has been shown to disrupt both bone formation and bone resorption in
Antibiotics several preclinical and clinical models. However, the role of microbiome in adolescent bone development re-
Concussion mains poorly understood. This effect of disrupted bone development may be more pronounced during adoles-
Femur . . . . . e .

cence, when bone development is vulnerable to environmental stimuli and external insults (e.g., antibiotic
Musculoskeletal

treatment and traumatic brain injury), as this is a critical window of development. Therefore, in this study, we
sought to investigate the effect of repetitive mild traumatic brain injury (RmTBI) and gut microbiome depletion
by antibiotic treatment on femur length and bone density in male and female adolescent Sprague Dawley rats.
Rats were randomly assigned to receive standard or antibiotic autoclaved drinking water and to receive sham or
RmTBIs injuries. Using micro-computed tomography (uCT), we found sexually dimorphic changes in adolescent
bone development in response to microbiome depletion and RmTBI. Specifically, gut microbiome depletion
stunted femur growth in males and altered cross sectional bone area (CSA), bone area fraction, and the bone
volume of low and mid density bone in the distal metaphyseal region of the femur. Conversely, RmTBI and
antibiotic treatment individually disrupted bone growth, bone area fraction, and bone volume of high-density
bone within the distal metaphyseal region of the femur in females, but not when combined. Therefore, find-
ings from this study indicate that gut microbiome and RmTBI may alter bone development in a sex-dependent
manner during adolescence.

Sex differences

1. Introduction

The microorganisms that colonise the small and large intestine,
known as the gut microbiome, play an integral role in the development,
function, and communication between the gut, brain, and immune
system (the gut-brain-immune axis) (Cowan et al., 2020). Adolescence
encompasses an important critical window of gut microbiome devel-
opment; displaying high vulnerability to environmental stimuli (Paus
et al., 2008). Environmental insults, including antibiotic administration,
can result in dysbiosis, altering the composition and diversity of the gut
microbiome (Ibanez et al., 2019; Borre et al., 2014), which in turn im-
pairs functioning of this delicately balanced system. Under normal
conditions, gut bacteria are beneficial and play an important role in

maintaining intestinal homeostasis and appropriate immune system
function by regulating the inflammatory response (Ding et al., 2020).
Evidence also suggests that the gut microbiome influences bone
growth, bone mass acquisition, and maintenance; similarly known as the
microbiome-bone relationship or gut-microbiota-bone axis (Xu et al.,
2017; Medina-Gomez, 2018). Although the exact mechanisms by which
the gut microbiome regulates bone health remain speculative, it is
believed that the microbiome plays a significant role in nutrient ab-
sorption, thereby influencing bone growth, bone mass acquisition, and
remodeling (Xu et al., 2017; Hernandez et al., 2016; Yan and Charles,
2017; Li et al., 2016). Given that bone mass acquisition increases during
adolescence, alterations during this sensitive period, may lead to sig-
nificant long-term complications, such as disorders associated with low
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bone mineral density including osteopenia and osteoporosis later in life
(Ibanez et al., 2019; Gokhale et al., 1998). Importantly, bone mineral
density continues to increase until peak bone mass is acquired in
adolescence (Rauch and Schoenau, 2001).

In addition, insults such as a mild traumatic brain injury (mTBI) and
repetitive mTBI (RmTBI), have also been shown to alter the gut-brain-
immune axis. For example, research has demonstrated that mTBI-
induced dysregulation of the gut-brain-immune axis and hypothalamic
pituitary adrenal (HPA) axis, initiate an inflammatory response sys-
temically and within the gut (Jin et al., 2008). Inflammation within the
gut further exacerbates dysbiosis, amplifying deficits in gut bacteria that
function to regulate HPA axis function (Sudo et al., 2004), vagal nerve
stimulation (Bonaz et al., 2018), short chain fatty acid (SCFA) secretion,
microglia activation (Erny et al., 2015), and blood brain barrier (BBB)
permeability (Strandwitz, 2018). If insults such as RmTBI during
adolescence disrupt the gut-brain-immune axis, they may also interfere
with bone resorption and formation, resulting in alterations to bone
volume and the development of bone.

Although not generally examined, but of particular importance,
sexual dimorphism exists in bone development (Xu et al., 2017; Olson
et al.,, 2011; Warden et al., 2005), maturation of the gut-brain-immune
axis (Yurkovetskiy et al., 2013; Chen and Madak-Erdogan, 2016), and
the presentation of symptomologies following RmTBI (Rosenbaum and
Lipton, 2012). Therefore, the purpose of this study was to investigate the
effects of microbiome depletion and RmTBI on bone development in
male and female adolescent rats. Given that we previously identified
bone loss 7 days following a moderate TBI (Brady et al., 2016a), we
examined femur length, overall bone mineral density, bone volume ratio
at three different densities as well as morphological and biomechanical
parameters within the distal metaphyseal region of the femur in
adolescent Sprague Dawley rats exposed to microbiome depletion (via
antibiotic administration), RmTBI, or combination of both. Given the
role of the microbiome and RmTBI in neuroinflammation and nutrient
absorption, we hypothesized that rats with depleted microbiomes would
exhibit reduced femur length and bone volume, while rats that experi-
enced both RmTBI and microbiome depletion would exhibit further
restriction of femur growth and impairments in bone volume.

2. Methods
2.1. Animals and gut microbiome depletion treatment

Thirty-five adolescent males and 28 adolescent females postnatal (P)
day 21 Sprague Dawley rats (total n = 63) were obtained from the
Monash Animal Research Platform (Clayton, Victoria, Australia). All
animal procedures were approved by the Alfred Medical Research and
Educational Precinct (AMREP) Animal Ethics Committee (E/1992/
2020/M). At P21, adolescent male and female Sprague Dawley rats were
randomly assigned to either antibiotic or standard autoclaved drinking
water. The antibiotic cocktail administered in their drinking water
consisted of ampicillin (1 g/L), vancomycin (500 mg/L), imipenem (250
mg/L), metronidazole (1 g/L), and ciprofloxacin HCL (20 mg/L). This
antibiotic cocktail was previously described in Hoban et al. (2016) to
effectively deplete the gut microbiota following a 14 day administration
protocol. The antibiotic cocktail was administered for 14 days (P21-
P35). Rats on antibiotic water were transferred back to standard auto-
claved drinking water on P36 for the remainder of the study.

2.2. RmTBI induction — lateral impact device

Rats in each group were randomised to receive 3 mTBIs or sham
injuries at P37, P39, and P41. Males (Placebo + Sham; n = 7), (Placebo
+ RmTBI; n = 6), (Antibiotics + Sham; n = 11), (Antibiotics + RmTBI; n
= 11). Females (Placebo + Sham; n = 7), (Placebo + RmTBI; n = 7),
(Antibiotics + Sham; n = 7), (Antibiotics + RmTBI; n = 7). Sham and
RmTBI injuries were administered using the lateral impact (LI) device,
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as previously described (Mychasiuk et al., 2016). Specifically, rats were
anaesthetized with 5% isoflurane and placed chest down on a low fric-
tion Teflon® board. With the left temporal lobe facing the impactor, a
50-g weight was propelled toward the rat's head using pneumatic
pressure at an average speed of 8.39 + 0.31 m/s, inducing mTBIs at
~85.52 Gs. The weight impacted a small aluminium ‘helmet’ to prevent
damage to the skull whilst still propelling the rat into a horizontal 180
rotation across the Teflon® board. Following impact, the rat was
removed from the device and placed on its back in a clean, warm cage to
recover. This LI technique is a clinically relevant model that emulates
the acceleration and rotational forces of sports-related concussion
(Mychasiuk et al., 2016). The amount of time required for the rat to
wake up and flip from a supine to a prone position (time-to-right) was
recorded as a measure of loss of consciousness (Fig. 1B).

2.3. Femur collection (tissue processing)

Rats were euthanised at P52 for femur collection. Rats were trans-
cardially perfused with 1x PBS and 4% PFA, the contralateral femur
bones were removed, placed in 4% PFA, and stored at 5 °C for 3 days
before being transferred into 70% ethanol and placed back into storage
at 5 °C. Considering the overlap in development between the gut
microbiome and skeletal bone, bone mineral density and femur length
was analysed by micro-computed tomography (uCT).

2.4. Micro-computed tomography (uCT) scanning of femurs

Prior to scanning, femurs were rehydrated in 0.9% saline solution
overnight and wrapped in cotton gauze moistened in saline, which
prevented sample movement and dehydration during scanning.

Bones were scanned using a SkyScan 1276 scanner (Bruker
MicroCT), using the following settings: 9-pm voxel resolution, 0.25 mm
aluminium filter, 70 kV voltage, 180 pA current, 400-ms exposure time,
rotation 0.5° across rotation, frames averaging of 3.

Images were then reconstructed using NRecon (version 1.7.4.6) with
the following parameters: smoothing: 1, ring artefact reduction: 6, beam
hardening compensation: 35%, CS rotation: automatic, attenuation co-
efficient (density): 0-0.07.

Following reconstruction, images were re-oriented using DataViewer
(version 1.5.0), ensuring that a consistent region of interest (ROI) was
selected throughout the study (Walker et al., 2020). The centre of the
distal growth plate was first located using the coronal plate, followed by
symmetrical arrangement of the four quadrants of the cross-sectional
growth plate in the transaxial plate.

Transaxial datasets with corrected orientations were then used to
determine ROI (Fig. 2A), volume of interest (VOI), multilevel thresh-
olding and morphometric analysis using Skyscan CT-Analyzer (CTAn)
(version 1.20.3.0, Bruker MicroCT software). Pseudocoloured images
were used to visualise changes in bone densities across different treat-
ment and injuries using CTvox (version 3.3.1) (Fig. 3A).

Length of the metaphyseal ROI for each sample was first determined
by measuring the femur length, thus ensuring that the same anatomical
region was selected regardless of the differences in bone length. The
distal end of ROI was defined as 10% of the femur length, extending
from the growth plate, a region which has been found to encompass
secondary spongiosa and is typically used to investigate bone micro-
architecture (Williams et al., 2020). The proximal end of the ROI was
determined as a further 15% region extending from the distal end of ROI
(Fig. 2A). An elliptical region, containing both trabecular and cortical
bone within the ROI was then selected for the first and last slice, inter-
polated by the software.

To analyse overall bone features we employed morphometric 2-
dimensional (2-D) analysis using adaptive pre-thresholding in CTan
with thresholds set at 66 — 255, radius of 7, and constant of 0. These
parameters include: mean bone mineral density (BMD), polar moment of
inertia, cross-sectional bone area (CSA), cross-sectional tissue area
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Fig. 1. Confirmation of depleted gut microbiome (A), average speed of impact for RmTBIs (B), confirmation of injury induction (C, D) and average weight at time of
femur collection (E, F). Both male and female rats on the antibiotic cocktail had a significantly reduced mean nucleic acid concentration confirming gut microbiome
depletion (A). All rats received RmTBI at similar impact speeds (B). Male and female rats that received RmTBI demonstrated significantly longer time-to-rights
compared to sham injured rats (C, D). No significant effects were found in average weight in males (E) or females (F) at time of femur collection (euthanasia).

Graphs are shown as mean of each group + SEM, * represent significant difference, p < .050.
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Fig. 2. Representative projection of male and female femurs from each treatment and injury groups, with region of interest (ROI) shown (A). Region of interest
begins at 10% of the femur length away from the growth plate, extending an additional 15% of the femur length. There was significant treatment effect where femur
length for male rats that were treated with antibiotics was reduced when compared to placebo treated male rats. No difference was observed between injury groups
(B). Antibiotic treatment significantly reduced femur length of female sham rats when compared to placebo treated sham rats. Similarly, RmTBI also reduces femur
length in the female placebo-treated group (C). Graphs are shown as mean of each group + SEM, * represent significant difference, p < .050.

(CTA), and bone area fraction (B.Ar/T.Ar).

To gain a greater understanding of the morphological changes
occurring, additional analyses was performed where bone was auto-
matically segregated into low, mid, and high density via multilevel Otsu
thresholding. Given the number of groups and interventions, analysis of
bone at a single threshold would have obscured information about the
mineral content of the bone material. In addition, single threshold an-
alyses rely on normal morphology to separately analyse cortical and
trabecular structures. Due to the nature of the interventions and our a-
priori hypotheses that these would result in significant changes in bone
morphology, the morphology could not be considered “normal”. We
therefore used multilevel Otsu thresholding to establish thresholds for
measuring bone volume fraction at low, mid, and high density to control
for significant heterogeneity between sexes, as well as treatment and
injury groups (Walker et al., 2020; Walker et al., 2021). This iterative
algorithm separates pixels from raw images based on mean grey level
intensity into different classes (Otsu, 1979).

For this study, multilevel Otsu thresholding was applied across VOI
of male controls (Sham -+ Placebo) and female controls (Sham + Pla-
cebo), to categorize the grey pixels into 4 threshold levels, representa-
tive of the densities for other treatment groups. The threshold levels
were calibrated to calcium hydroxyapatite reference phantoms (Bruker
Micro-CT, Kontich, Belgium): low density: 0.194-0.548 g/cm®, mid
density: 0.548-0.930 g/cm®, high density: > 0.930 g/cm® for males, and
low density: 0.201-0.576 g/cm®, mid density: 0.576-0.970 g/cm®, and
high density: > 0.970 g/cm® for females. Measurements at the lowest
density, < 0.194 g/cm® for males, and < 0.201 g/cm® for females, were
treated as noise or background and were excluded. Male and female
femurs were then analysed using the 3 density thresholds obtained from
the male and female control groups. Bone volume over total tissue
volume (BV/TV) at each density threshold was measured and expressed
as a percentage.



K.R. Wong et al. Bone Reports 15 (2021) 101123

T8I + Placebo Sham + Antibiotics T8I + Antibiotics

Sham + Placebo T8I + Placebo Sham + Antibiotics TBI + Antibiotics Sham + Placebo
8= -
| * | I:. Sham | * | ® Sham
*
*
— H RmTBI * H RmTBI
S e m g f !
7 ) ® |
5+ & ( 14
o~
€ 6 - | £
< u U od < .
o PY o L] °
( >4 4-
5-1 [ J
4 T T 3 T T
Placebo Antibiotics Placebo Antibiotics
Males Females
16— 16—
Y @® Sham @® Sham
t_{.' m N o n B RmTBI B RmTBI
(J
[ ] ﬁ
12+ :. 12— [ ]
NE [ ) NE PY HE
£ £ ®_0
< < °
= =
8- 8-
4 T T 4 T T
Placebo Antibiotics Placebo Antibiotics
Males Females
0.55= 0.55=
| * | @® Sham | * | ® Sham
* * *
H RmTBI H RmTBI
— — ° | |
0.50 ° | 050 o © n
| |
= - 3 H = pfe =
< < | L
: 0.45 ° |: 0.45 ®
g .- 2| | e
m (Y m [
[}
0.40- i 0.40— -
0.35 I T 0.35 T T
Placebo Antibiotics Placebo Antibiotics
Males Females

(caption on next page)



K.R. Wong et al.

Bone Reports 15 (2021) 101123

Fig. 3. Antibiotic administration and RmTBI differentially modify BSA and bone area fraction in male and female adolescent rats. Representative grayscale cross-
sectional images (A). For male rats there was a significant injury and an injury by treatment interaction where antibiotic treatment and RmTBI alone, both resulted in
a reduction in CSA (B). There were no changes in CTA (D). For bone area fraction there was a significant injury by treatment interaction, with reductions in both
placebo-treated RmTBI and antibiotic-treated sham rats but increased in males that experienced both antibiotics + RmTBI (F). For females, sham rats that received
antibiotic treatment displayed reduced CSA when compared to placebo-treated sham rats, but CSA is increased in rats that experienced both antibiotics and RmTBI
(C). There were no effects in CTA (E). Antibiotic treatment significantly reduced bone area fraction in sham rats, however, in rats that experienced both antibiotics

and RmTBI, bone area fraction is increased (G).

2.5. Gut microbial DNA extraction from stool samples

Gut microbial DNA concentrations were obtained by collecting stool
samples from the commencement of antibiotic administration to the
completion of the study. After collection, stool samples were transferred
to storage at —80 °C. Samples were thawed and gut bacteria was
extracted using QIAGEN QIAamp Fast DNA Stool Mini Kit as described
by manufactures instructions (Qiagen, Hilden Germany). The concen-
tration and quality of bacterial DNA was measured with the QIAGEN
QIAxpert Spectrophotometer using an absorbance ratio of A260/280
(Qiagen, Hilden Germany).

2.6. Statistical analyses

Power calculations were completed with G*Power software (version
3.1). Based upon Cohen's (1988) criteria (Cohen, 1992) and a moderate
effect size of 0.4, alpha of 0.05, a power of 0.8, with eight groups, the
estimated sample size needed for the entire study was N = 52. Two-way
ANOVAs with injury (RmTBI; sham), and treatment (antibiotics; pla-
cebo), as factors were run for all measures using SPSS 25 for MAC. Post-
hoc pairwise comparisons were run when appropriate. For all bone
measurements, male and female animals were analysed separately due
to inherent sex differences in bone density. All figures are displayed as
means + standard error and statistical significance was considered p <
.05. Bone analyses were conducted by investigators blinded to treatment
allocations. All data will be made available upon request from the cor-
responding author.

3. Results
3.1. Validation of microbiome depletion and injury

PCR analyses of bacterial DNA was used to determine if antibiotic
administration was effective at depleting the microbiome. The two-way
ANOVA with sex and treatment as factors demonstrated a main effect of
treatment, F(1, 79) = 437.301, p < .001, but not of sex, indicating that
all animals who consumed the antibiotic cocktail exhibited significant
and complete depletion of bacterial DNA from their faecal samples. See
Fig. 1A.

The two-way ANOVA with sex and treatment as factors demon-
strated that there were no significant differences in the average speed of
impact for the RmTBIs, p > .050. See Fig. 1B. The time-to-right following
injury induction was used as a measure of loss of consciousness and
confirmation that the animal did in fact receive a mild TBI. The three-
way ANOVA for average time-to-right failed to demonstrate a main ef-
fect of sex or treatment (p > .050), but did exhibit a main effect of injury,
F(1,79) = 61.383, p < .001, whereby animals in the RmTBI group took
longer to right themselves, than sham animals. See Fig. 1C and D.
Finally, average body weight at the time of euthanasia (i.e. femur
collection) is illustrated in Fig. 1E and F. The three-way ANOVA
demonstrated a main effect of sex, F(1, 79) = 304.643, p < .001, with
males weighing more than females, but not of injury or treatment, p >
.050.

3.2. Femur length

3.2.1. Males

Antibiotic administration/microbiome depletion, significantly

reduced femur length in adolescent males. The two-way ANOVA
demonstrated a main effect of treatment, F(1, 34) = 4.680, p = .038, but
not of injury, F(1, 34) = 0.034, p = .856. See Fig. 2B.

3.2.2. Females

Antibiotic administration interacted with RmTBI in adolescent fe-
males to modify femur length, whereby femur growth was reduced in
placebo + RmTBI animals (p = .033), but increased in females that
experience both antibiotics + RmTBI (p = .024), see Fig. 2C. The two-
way ANOVA failed to exhibit a main effect of injury or treatment, p's
> 0.050, although there was a significant treatment by injury interac-
tion, F(1, 28) = 7.367, p = .012.

3.3. Overadll bone features

3.3.1. Males

Antibiotic administration altered cross-sectional bone area and bone
area fraction but not cross-sectional tissue area, see Fig. 3. For CSA,
there was a significant main effect of injury, F(1, 34) = 5.114,p = .031,
and a significant injury by treatment interaction, F(1, 34) = 11.612,p =
.002, whereby both antibiotic treatment and RmTBI alone, resulted in a
reduction in bone area (Fig. 3B). There were no significant changes in
CTA, p's > 0.050 (Fig. 3C). For bone area fraction, there were no sig-
nificant main effects, but we did identify a significant injury by treat-
ment interaction, F(1, 34) = 11.607, p = .002, with post-hoc analyses
exhibiting reduced bone area fraction in both placebo-treated RmTBI (p
=.005) and antibiotic-treated sham rats (p = .005), but increased bone
area fraction in antibiotic males that experienced RmTBIs (p = .002)
(Fig. 3D).

3.3.2. Females

The two-way ANOVA for CSA demonstrated a significant treatment
by injury interaction, F(1, 27) = 4.393, p = .047, whereby sham rats that
received antibiotic treatment displayed reduced cross-sectional bone
area when compared to placebo-treated sham rats, while bone area was
increased in antibiotic rats that experienced RmTBIs (Fig. 3E). There
were no significant effects or interactions for CTA, p's > 0.050 (Fig. 3F).
Finally, the two-way ANOVA for bone area fraction in females demon-
strated that antibiotic treatment reduced area in sham rats (p = .004),
however, in rats that experienced both antibiotics and RmTBI, bone area
fraction is increased (p = .042), when compared to females in placebo
treated RmTBI group, F(1, 27) = 4.393, p = .047, (Fig. 3G).

3.4. Bone density

3.4.1. Males

Antibiotic administration and RmTBI differentially modified bone
volume fraction of low-, mid-, and high-density bone within the distal
metaphysis of femurs from adolescent males, see Fig. 4. Although there
were no significant effects for mean bone density, within the low-density
bone parameter, RmTBI significantly reduced bone volume ratio in the
placebo treated animals, but not in the antibiotic treated group. The
two-way ANOVA exhibited a main effect of injury, F(1, 34) = 6.922,p =
.013, and a significant injury by treatment interaction, F(1, 34) = 8.628,
p = .006. For the mid-density measurement, there was a significant
treatment by injury interaction, F(1, 34) = 7.314, p = .011, with post-
hoc analyses revealing that density was reduced in placebo + RmTBI
animals (p = .049), but increased in males that experience both
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Fig. 4. Representative reconstructed cross-sections of femurs from each treatment and injury groups are shown with pseudocolouring density filter (bone and
mineral) filter applied to the raw acquired images (A).) Mean bone density failed to exhibit significant main effects for Males (B) and Females (C). Multilevel Otsu
threshold levels were calibrated to calcium hydroxyapatite and were used to segregate bone into low density: 0.194-0.548 g/cm?®, mid density: 0.548-0.930 g/cm®,
high density: > 0.930 g/cm? for male femurs (D,F,H). There was significantly reduced low density bone for male placebo treated RmTBI rats, when compared to male
placebo treated shams. No difference in low density bone was observed within the antibiotic treated group and between treatment groups (D). There was a significant
injury effect on mid density bone, where it was reduced in the placebo treated RmTBI rats, when compared to placebo treated shams. There was also treatment effect,
where antibiotic treatment increased mid density bone in the antibiotic treated RmTBI rats, compared to placebo treated RmTBI rats (F). There was no difference
observed in high density bone (H). Multilevel Otsu threshold levels were calibrated to calcium hydroxyapatite and were used to segregate bone into low density:
0.201-0.576 g/cm®, mid density: 0.576-0.970 g/cm®, and high density: > 0.970 g/cm® for female femurs (E,G,I). No difference was observed in low (E) and mid
density bone (G). There was a significant interaction, where high density bone was reduced in placebo treated RmTBI female rats, when compared to antibiotic

treated RmTBI female rats (I). Graphs are shown as mean of each group + SEM, * represent significant difference, p < .050.

antibiotics + RmTBI (p = .047). There were no significant modifications
in the high-density parameter.

3.4.2. Females

In contrast to adolescent males, in females we observed that only the
bone volume fraction of high-density bone was affected (Fig. 4). The
two-way ANOVA for bone volume fraction at the high-density parameter
demonstrated a significant interaction, F(1, 28) = 4.792, p = .039,
whereby bone volume fraction was reduced in placebo + RmTBI ani-
mals, but increased in females that experience both antibiotics + RmTBI.
The two-way ANOVAs for low and mid bone density failed to exhibit any
significant main effects or interactions, p's > 0.050.

3.5. Mean polar moment of inertia

Male rats exhibited significantly greater mean polar moment of
inertia levels than female rats (p < .001). However, when two-way
ANOVAs were run for male and female rats separately, with injury
and treatment as factors, there were no significant effects or interactions
in either sex (Fig. 5).

4. Discussion

This study was designed to examine the impact of a 14-day depletion
of the gut microbiota prior to RmTBIs on adolescent bone volume and
femur length. Our bacterial DNA results indicate that the antibiotic
cocktail depleted the adolescent microbiome, while the time-to-right
findings show significant loss of consciousness due to injury in the
RmTBI group. Consistent with previous studies we found that, even in
adolescence, males exhibit stronger bones than females (greater polar
moment of inertia). Although male bone development is protracted

compared to females, this increased strength likely results from more
efficient bone addition to the periosteal surface (Schoenau et al., 2001).
Interestingly, in response to our experimental manipulations, bone
growth in male and female adolescent rats exhibited sex-dependent
changes, with female femur length being reduced in response to both
RmTBI and microbiome depletion (but not when combined), while male
femur length was only restricted by microbiome depletion. Conversely,
in males, CSA, and bone volume fraction of low- and mid-density bone
were reduced in those that experienced RmTBIs. However, in females
CSA was reduced in microbiome depleted rats but not in microbiome
depleted rats given RmTBIs. In addition, only the high-density mea-
surement was modified in females, again being reduced in response to
both RmTBI and microbiome depletion (but not when combined).

4.1. Influence of gut microbiome depletion and RmTBI on male femur
length

Given that adolescence is a critical period in gut microbiota and
skeletal bone growth, it was not surprising that microbiome depletion
reduced femur growth in adolescent males that experienced either sham
or RmTBIs. There are numerous mechanisms by which the microbiome
has been postulated to regulate bone growth including, the SCFA
regulation of Insulin Growth Factor-1 (IGF-1) (Medina-Gomez, 2018),
production of pro- and anti-inflammatory cytokines (IL-6, IL-1f, TNF-a)
(Hernandez et al., 2016) and sex hormones (Imai et al., 2009), regula-
tion of immune cells (T-cells and dendritic cells) (Ke et al., 2019), and
importantly nutrient absorption (Chen et al., 2017). For example, gut
dysbiosis is not only involved in proinflammatory cytokine production,
which reduces calcium absorption (Ding et al., 2020), but also the
activation of CD4" T cells, both of which stimulate of NF-kp ligands and
bone resorption, thereby altering bone growth (Hernandez et al., 2016;
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Fig. 5. Illustrative representation of polar moment of inertia measures for male (A) and female (B) rats exposed to placebo or antibiotic treatment, in addition to
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Li et al., 2007; Cho et al., 2012). Moreover, intestinal microbes are
imperative for the biosynthesis of B vitamins, folate, and Vitamin K, all
of which play vital roles in the maintenance of bone mass and growth
(Saltzman and Russell, 1998). It is therefore possible that alterations to
gut microbiome composition altered the absorption of nutrients and
calories (Hernandez et al., 2016), thereby leading to a reduction in
femoral length. Interestingly, although present in females, we did not
identify RmTBI-induced alterations in male femur length. Rapid bone
growth in adolescent males typically peaks between 13 and 17 years of
age, which is a later than in females (11 and 14 years of age) (Gokhale
et al., 1998). This sex-difference may explain the distinct response to
RmTBI we identified in femur length in male and female rats.

4.2. Influence of gut microbiome depletion and RmTBI on male bone
volume

In contrast to the effects identified in femur length, bone CSA, and
the proportion of bone overall, low and mid density bone was reduced in
placebo treated males that experienced RmTBIs. This finding is consis-
tent with previous studies which observed a reduction in bone volume
fraction 6 weeks after moderate TBI (Brady et al., 2016b; Brady et al.,
2015). Within our ROI, the low and mid density bone are where we
expect to identify alterations, as this bone is thought to be porous-like
and have high metabolic bone activity that is involved in development
and remodeling (Bajwa et al., 2018). Inflammation (both within the
brain and systemically) is a hallmark characteristic of RmTBI (Bar-
khoudarian et al., 2011; Mychasiuk et al., 2015), that has also been
shown to modify skeletal bone development (Bajwa et al., 2018). Our
results are consistent with previous preclinical and clinical studies that
have identified increases in osteoclastic activity and reduced bone mass
after RmTBI in trabecular and cortical bone (Brady et al., 2015; Smith
et al., 2016; Yu et al., 2014a).

Why exactly gut microbiome depletion prior to RmTBI was protec-
tive of overall bone area fraction and mid density bone, but not at low
density remains unclear. Gut microbiome depletion in adult male
C57BL6/J mice that experienced a TBI was found to be neuroprotective
(Simon et al., 2020). Hence, it is likely that ameliorating the brain injury
attenuates TBI-induced bone loss. The mechanism is yet to be revealed
however, the neuroprotective effects observed in mice may indicate that
a reduction of certain gut bacteria may downregulate neuro-
inflammation and promote recovery. For example, the gut microbiome
is involved in the production of serotonin (Martin et al., 2020). It is
known that osteoblasts have receptors for serotonin, and the binding of
serotonin stimulates osteoblastic activity, resulting in a reduction in
bone mass (Chen et al., 2017; Mm et al., 2007). Moreover, germ-free
mice have been found to exhibit increased bone volume and lower
serum serotonin levels (Chen et al., 2017), suggesting that microbiome-
dependent serotonin levels play an important role in skeletal bone for-
mation. Depletion of serotonin producing bacteria may therefore reduce
serotonin levels, prevent osteoblastic activity, potentially driving the
effect we observed where microbiome depletion in combination with
RmTBI was protective for bone loss at mid-density. Importantly, some
studies indicate that serotonin has a dual-effect; stimulating or inhibit-
ing bone formation, which varied with sex and age, which may explain
why we observed differences in mid-density BV/TV in our male and
females (Xu et al., 2017; Warden et al., 2005).

We also observed that antibiotic-treated sham male rats had signif-
icantly reduced bone CSA, compared to placebo-treated sham male rats.
This finding is consistent with previous studies in adult mice where
germ-free male mice demonstrated a reduction in femur length and bone
volume (Schwarzer et al., 2016; Yan et al., 2016). These findings support
the notion that depletion of gut microbiome has a catabolic effect on
bone.
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4.3. Influence of gut microbiome depletion and RmTBI on female femur
length

Our finding in females that microbiome depletion is catabolic to
bone development and reduces femur length is congruent with previous
studies demonstrating femur length, cortical thickness, and cortical and
trabecular bone composition are all reduced in germ-free mice
(Schwarzer et al., 2016; Yan et al., 2016). These studies attribute the
deficit in bone development to altered growth hormone-insulin-growth
factor-1 (GH/IGF-1) axis signaling, that is regulated by gut microbiota
(Schoenau et al., 2001; Wrigley et al., 2017). Taken together, these
findings provide evidence that the gut microbiome has an anabolic effect
on bone growth (Li et al., 2019).

We also identified a significant decrease in femur length in female
placebo treated rats who received RmTBIs. This is consistent with
another study that found a reduction in bone formation rate and a
reduction in bone mass following RmTBI in 10-week-old female mice
(Kesavan et al., 2017). Dysregulated bone development following
RmTBI occurs in response to disruptions in the GH/IGF-1 axis (Kesavan
et al., 2017; Yuen et al., 2020). IGF-1 which acts downstream of GH, is
responsible for the anabolic processes of growth and development
throughout life (Wrigley et al., 2017), particularly longitudinal bone
growth (Olson et al., 2011). Furthermore, IGF-1 is crucial for bone
accrual and maturation, and loss of IGF-1 has been attributed to a
reduction in bone length and width (Locatelli and Bianchi, 2014). In the
current study, we examined adolescent rats, where active longitudinal
bone growth is driven by the proliferation of hypertrophic chondrocytes
at the growth plate (Rauch, 2012). Therefore, it is possible that RmTBI
disrupted the proliferation of hypertrophic chondrocytes that are
responsible for longitudinal bone growth.

Paradoxically, female rats given antibiotic treatment and RmTBI
displayed no difference in femur length, suggesting that bone growth
was not disrupted following depletion of the gut microbiome when
combined with RmTBI. Although numerous studies have demonstrated
the negative effect of TBI on bone health in murine (Yu et al., 2014a;
Kesavan et al., 2017; Yu et al., 2014b) and rodent (Brady et al., 2016b;
Brady et al., 2015) models, the underlying mechanisms remain to be
elucidated. Importantly, the studies which observed bone loss following
TBI, utilized animals which have unperturbed gut microbiota. In
contrast, our study found increased bone formation in female rats that
underwent RmTBI but had depleted gut microbiomes. Accumulating
evidence suggests the absence of the microbiome may have attenuated
neuroinflammation, BBB permeability, peripheral inflammatory
response, and sympathetic outflow (Otto et al., 2020), thereby reducing
the effect on bone loss. Taken together, the lack of differences in femur
length in female rats given antibiotic treatment and RmTBI compared to
placebo treated sham rats may support the notion that the microbiome
mediates the effects of TBI on bone development. Future studies, how-
ever, are required to determine role of each specific bacterial strain on
bone formation.

4.4. Influence of gut microbiome depletion and RmTBI on female bone
volume

In females we found that antibiotic-treated sham rats had signifi-
cantly reduced bone CSA and overall bone area fraction when compared
to placebo-treated shams. Subsequent analyses revealed that overall
bone area fraction as well as high density bone was reduced in female
placebo treated rats that experienced RmTBI, when compared to females
that had combined injury and treatment. Sex specific changes in mid
density bone in males and high-density bone in females may be due to
differences in levels of circulating sex hormones affecting bone matu-
ration. These contrasting results indicate that sex-specific effects on
bone via microbiota may be driven by sex hormones (Yan and Charles,
2017). Furthermore, it has been established that bone growth and
accrual of peak bone mass typically occurs sooner in females than males,
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resulting in disparate bone mass beginning at the onset of pubertal
maturation (Gokhale et al., 1998; Rizzoli and Bonjour, 1999). This is
evidenced by the increased mineral density for females as calculated via
the otsu method for the three levels of mineralization when compared to
males. Therefore, it is likely that the antibiotic and injury effects are
more pronounced at the high-density range in adolescent females who
have more high-density bone which is denser than male rats at this
timepoint.

5. Conclusion

We identified sexually dimorphic changes in adolescent bone
development in response to microbiome depletion and RmTBI. Given
the large number of adolescents who experience RmTBIs and micro-
biome dysbiosis, these findings may have important implications for
clinical practices regarding bone development, and therefore require
further investigation. It would be imperative for future studies to
confirm these findings histologically and elucidate the mechanisms
underlying these experience dependent changes, with a specific focus on
inflammation (systemic and within the brain), the role of SCFAs and sex
hormones, regulation of the GH/IGF-1 axis, and nutrient absorption
within the gut. Moreover, as research indicates that the muscular system
is a significant modulator of bone development in puberty (Schoenau
et al., 2000), future studies could examine the corresponding role of the
microbiome and RmTBI on maturation of specific muscles. Finally, given
that dietary manipulations, such as supplementation with specific bac-
terial strains, probiotics, and/or prebiotics, have been shown to modu-
late the gut microbiota and restore microbiome dysbiosis, diet may be an
easy therapeutic avenue to improve bone health following RmTBI.
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