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SUMMARY

Several lines of evidence demonstrate that microbiota influence brain development. Using high-resolution
ex vivo magnetic resonance imaging (MRI), this study examined the impact of microbiota status on brain vol-
ume and revealed microbiota-related differences that were sex and brain region dependent. Cortical and hip-
pocampal regions demonstrate increased sensitivity to microbiota status during the first 5 weeks of postnatal
life, effects that were greater in male germ-free mice. Conventionalization of germ-free mice at puberty did
not normalize brain volume changes. These data add to the existing literature and highlight the need to focus
more attention on early-life microbiota-brain axis mechanisms in order to understand the regulatory role of

the microbiome in brain development.

INTRODUCTION

Studies linking the microbiome to behavior and brain function uti-
lize germ-free (GF) mice. GF mice lack all commensal microbes
and were first generated by cesarean section delivery under ster-
ile conditions.” GF mice have since provided a useful animal
model for researchers to identify systems that are influenced by
commensal microbiota.” In a seminal paper in 2004, GF mice
were shown to have an exaggerated response to immobilization
stress.® Since then, research has shown that GF mice have
reduced anxiety-like behavior, measured by various approach-
avoidance tasks.”'® Additional microbiota-related behaviors
include learning and memory,'"'? activity,”'>'® grooming
behavior,' and social behavior.'*'® Notably, conventionaliza-
tion of GF mice during early postnatal life has been shown to
restore the behavioral phenotype to varying degrees, depending
on the timing of reconstitution of the microbiome, and the
behavior outcome considered.”’""

In parallel with behavioral studies, accumulating evidence of
molecular differences in GF mice compared to conventionally
housed mice includes differences in monoamines, neurotrophic
factors, orexigenic and anorexigenic peptides, amino acids, and
metabolites. Targeted analysis of expression of RNA and micro-
RNAs as well as the examination of microglia, myelination, and
neurogenesis shows that many CNS systems are influenced by
microbiota-brain communication.*®'2828  Both neuronal

and glial changes have been reported in GF mice. Neuroanatom-
ical differences in GF mice include increased amygdala and hip-
pocampus volumes that were associated with increased den-
dritic arborization and spine density in the same regions.” An
increased number of cortical microglia was observed in GF
mice in parallel with an immature morphological microglial
phenotype, including longer processes with more branch points,
compared to control mice.?” Using magnetic resonance imaging
(MRI) in GF mice compared to controls, widespread regional vol-
ume differences were observed, including decreased myelina-
tion in white matter regions and fiber tracts of these GF mice,
suggesting less mature myelination patterns in the absence of
microbiota.”®

The current study examined the impact of microbiota coloni-
zation status on brain volume using ex vivo high-resolution
structural MRI (7 T) in C57BL/6 mice. Brain volume was studied
in specific pathogen-free (SPF), GF, and altered Schaedler flora
(ASF) colonized gnotobiotic C57BL/6 female and male adult
mice. Conventionalization of GF mice at 5 weeks of age (GF/
SPF) was used to test the hypothesis that microbiota-host
communication in the pre-pubertal period is critical to neuroan-
atomical development. The resulting ex vivo imaging data
collected in young adulthood revealed long-term changes in
brain volume in GF and GF/SPF mice that were more pro-
nounced in male mice compared to female mice. These data
complement previous findings that suggest early postnatal
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life is a critical period for microbiota-host interactions on
neurodevelopment.

RESULTS

Absolute and relative volume differences were

observed in GF mice

Brain volume differences between GF and SPF adult male and
female mice were assessed by absolute volume, measured in
mm?3, and relative volume, measured as a percentage of the total
brain volume. The coronal view of both absolute differences and
relative differences is shown in Figure 1. Brain regions that were
larger in SPF mice are visualized in shades of orange/red and
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Figure 1. Fly-through of coronal slices in the
brain highlighting the voxel-wise significant
absolute and relative volume

(A) Absolute volume (left) and relative volume (right)
differences between male and female germ-free
(GF) and specific pathogen free (SPF) mice. For GF
F,n=13;GFM,n=10; SPFF,n=15; SPFM,n=15.
Orange/red highlighted regions were significantly
larger in GF mice compared to SPF mice and blue
highlighted regions were significantly smaller in GF
mice. All changes highlighted were significant at
an FDR value of < 0.05. Total brain volume in GF
mice was significantly reduced compared to SPF
mice (B).

(C-F) Relative volume differences were observed in
isocortex (C), cerebellum (D), fiber tracts (E), and
hippocampus (F). * shows FDR values < 0.05.
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brain regions that were smaller in SPF
mice are visualized in shades of blue. The
total brain volume of GF mice was signifi-
cantly reduced in comparison to SPF
mice as visualized by the extensive shaded
blue regions in Figure 1A left panel and
graphically in Figure 1B. Absolute volume
difference for all brain regions is listed in
Table S1. In male GF mice, 174 of 182
segmented regions were significantly
smaller compared to male SPF mice (false
discovery rate [FDR] < 0.05). In female
GF mice, 146 of 182 segmented regions
were significantly smaller compared to fe-
| male SPF mice (FDR < 0.05). Relative dif-
ferences in brain volume are visualized in
the right panel of Figure 1A. Several brain
regions showed significant differences be-
tween GF and SPF mice including isocor-
‘ tex, hippocampus, and cerebellum (Fig-
ure 1 and Table S1).

Increased relative volume of isocortex
was observed in both male (FDR < 0.05)
and female (FDR 0.06) GF mice
compared to SPF mice. More specifically,
cingulate cortex: area 24b, retrosplenial
area, dorsal part, ectorhinal area, second-
ary somatomotor area, posterior parietal association areas, so-
matosensory areas, as well as some visual areas were signifi-
cantly increased in male GF mice compared to male SPF mice
(Table S1). While 4 subregions of isocortex showed increase
brain volume with FDR < 0.1 in female GF mice, no differences
reached FDR < 0.05 (Table S1). Relative hippocampal volume
was reduced in both male and female GF mice (FDR < 0.05;
Figures 1C and 1D). Similar to the observations noted earlier
for isocortex, hippocampal subregions including CA1, CA2,
CA3, and dentate gyrus showed significantly reduced volume
(FDR < 0.05) in male GF mice compared to male SPF mice,
whereas only the dentate gyrus, granule layer was significant
(FDR < 0.05) in female GF mice compared to female SPF mice
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Figure 2. Fly-through of coronal slices in the brain highlighting the
voxel-wise significant differences in absolute and relative volume
between housing conditions

Left: differences between altered Schaedler flora (ASF) and specific pathogen-
free (SPF) mice, middle: differences between germ-free (GF) and SPF mice,
right: differences between conventionalized GF (GFSPF) and SPF mice. Or-
ange/red highlighted regions were significantly larger in SPF mice compared to
GF mice and blue highlighted regions were significantly smaller in SPF mice.
ForGFF,n=13; GFM,n=10; SPFF,n=15; SPF M, n=15; GFSPFF,n=11;
GFSPF M, n = 12; ASF F, n = 6; ASF M, n = 6. All changes highlighted were
significant at an FDR value of < 0.05.

(Table S1). The cerebellum was smaller in male GF mice
compared to male SPF mice (FDR = 0.07), but not significantly
different between female GF and SPF mice (Figure 1E). Fiber
tract volume was also reduced in male GF mice compared to
SPF mice (FDR < 0.05). Overall, in addition to the differences
noted earlier, a greater number of brain regions showed relative
volume differences in male GF mice compared to female GF
mice (Table S1), revealing a microbiota-brain sex difference in
adult GF mice.

Colonization of GF mice at 5 weeks of age did not
normalize brain volume

Visualization of absolute and relative volume changes between
each experimental group and SPF mice are shown in Figure 2.
ASF conventionalized gnotobiotic mice had no total brain vol-
ume differences observed between both female and male SPF
and ASF mice (Figures 3A and 3B). GF conventionalization at
5 weeks of age (GF/SPF) with SPF microbiota did not normalize
total brain volume. Total brain volume remained significantly
reduced in GF/SPF mice compared to SPF mice for both female
and male mice (Figures 3A and 3B). To note, male GF/SPF mice
showed a reduced total brain volume compared to SPF male
mice; however, it was significantly larger than male GF mice.
Similar to GF mice, the relative brain volume of isocortex was
significantly increased in GF/SPF male mice compared to SPF
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mice (Figures 3C and 3D). A significant increase was also
observed in female GF/SPF female mice compared to female
SPF mice. Fiber tract volume was significantly reduced in both
female and male GF/SPF mice (Figures 3E and 3F). These data
demonstrate that normal brain development requires gut micro-
biota prior to 5 weeks of age. Further, introduction of gut micro-
biota and related host immune and metabolic changes are not
sufficient to normalize brain volume differences observed in
GF mice.

Absence of microbiota affected hippocampal volume to
a greater extent in male GF mice

Sex differences in the impact of microbiota status were further
investigated in subregions of the hippocampus (Figure 4). Micro-
biota status had a greater impact on male mice than female mice.
No significant differences in relative volume were observed
across groups (SPF, GF, ASF, and GF/SPF) in hippocampal
CA1, CA2, or CA3 regions in female mice. A reduced dentate gy-
rus volume was observed in female GF (FDR = 0.08) and GF/SPF
female mice (FDR < 0.05) (Figure 4). Reduced relative volume in
all hippocampal subregions was observed in male GF mice
compared to male SPF mice (Figure 4). A similar decrease in
all subregions in male GF/SPF mice to male SPF mice. No differ-
ences were observed in hypothalamic volume across groups for
either male or female mice (Figure 4). These data further demon-
strate an increased sensitivity of male mice to microbiota status
compared to female mice.

DISCUSSION

In healthy mice, gut microbiota composition and diversity in-
creases during the first 4 weeks of postnatal life, and several
lines of evidence demonstrate that microbiota are essential to
normal brain development. The maturation and diversification
of the gut microbiota during postnatal life is coincident with a
critical window during which microbiota-brain communication
may impact the developmental trajectory of the brain. Here,
we show that microbiota are important for normal brain devel-
opment as GF mice had significant differences in brain volume
that were both brain region and sex dependent. GF status had
a greater impact on male mice compared to female mice; in
particular, all hippocampal subregions were reduced in volume
in male GF mice, whereas only the dentate granule region was
reduced in female GF mice. Not surprisingly, conventionaliza-
tion of GF mice at 5 weeks of age was not able to normalize
brain volume measured at 9 weeks of age, confirming that
microbe-host communication in the first few weeks of life is
critical to neurodevelopment and that investigations aimed at
understanding microbe-host mechanisms pre-puberty are
needed.

A myriad of brain-related differences in GF mice have been
reported®’; however, only a small group of studies have
included both male and female mice. A couple recent studies
that included male and female mice have revealed sex-depen-
dent microbiota-related differences in microglia and in neuro-
genesis.”®*®" Increased microglial density and immature micro-
glial morphology have been reported in adult GF mice.”’
Developmentally regulated sex differences in microglial gene
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Figure 3. Brain volume differences based on
microbiota status

Conventionalization of GF mice at birth with altered
Schaedler flora (ASF) normalized total brain volume
in female (A) and male (B) mice. Similarly, no relative
brain volume differences were observed in isocortex
or fiber tracts between SPF and ASF female (C, E)
and male (D, F) mice. Total brain volume of female
and male mice conventionalized at 5 weeks of age
(GF/SPF) was reduced compared to SPF mice (A, B).
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In addition, GF/SPF showed reduced isocortex and
fiber tract relative brain volume compared to SPF
mice (C-F). ForGFF,n=13;GFM,n=10; SPFF,n=
15; SPF M, n = 15; GFSPF F, n = 11; GFSPF M,
n = 12; ASF F, n = 6; ASF M, n = 6. * shows
* FDR values < 5% compared to sex-matched SPF
mice; V shows FDR values < 0.05 compared to sex-
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SPF mice, suggesting that microbiota
influence the trajectory of hippocampal
maturation in a sex-dependent manner.’
Further, in male mice, reduced neurogene-
sis was associated with reduced hippo-
campal functional connectivity in GF mice
compared to SPF mice, demonstrating
that microbiota-related changes can influ-
ence brain function.®' This observation is
further supported by recent findings using
resting-state functional MRI to examine
functional connectivity in GF and normally

matched GF mice.
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expression have also been reported, such that male GF mice
were more susceptible to the absence of microbiota early in
brain development with higher numbers of differentially ex-
pressed genes (embryonically), whereas adult female GF mice
showed more differentially expressed genes, compared to
adult female SPF mice.?® Interestingly, a significant decrease
in expression of immune-related genes in female GF mice
was noted, suggesting that microbiota may influence sex differ-
ences in immune activation.?® The current anatomical work also
demonstrated an increased sensitivity of male mice to the
absence of microbiota during the first 5 weeks of life; however,
functional changes in gene expression in the current study
were not considered.

Using doublecortin labeling to examine immature neurons and
BrdU staining to examine cell proliferation in the dentate gyrus of
the hippocampus, a disrupted trajectory of hippocampal neuro-
genesis was revealed in GF mice compared to SPF mice.®" In nor-
mally housed male mice, the total number of proliferating and
immature cells decreased over postnatal development (4, 8, and
12 weeks), whereas GF male mice had reduced neurogenesis at
4 weeks of age compared to SPF male mice. In contrast, female
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colonized male mice.*? Specifically, a higher
and more variable functional connectivity
was observed in adult male GF mice
compared to SPF mice.*? These data and
the current results highlight key microbiota-sensitive regions
including the hippocampus and cortical regions.

The hypothalamic-pituitary-adrenal (HPA) stress axis un-
dergoes significant postnatal development and refinement
throughout early life. During this period, environmental factors
play a key role in shaping the trajectory of development and
thus ultimate long-term function of the stress axis. GF mice
show marked HPA axis hyperreactivity following exposure to
stress in adulthood.® While no brain volume differences were
observed for the hypothalamus in GF male or female mice
compared to SPF mice, reduced volumes observed in the hippo-
campal regions in GF mice could impact HPA negative feedback
circuits and contribute to the observed exaggerated stress reac-
tivity. Moreover, it is possible that alterations in the functional as-
pects of stress circuitry could underlie behavioral differences
observed in GF mice. Notably, corticosterone levels in GF mice
were recently shown to influence social activity in adult GF
mice, via microbiota regulation of glucocorticoid receptors and
central stress circuitry.*®

The observation that conventionalization of GF mice (GF/SPF)
at 5 weeks of age did not normalize brain structure differences

T T
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Figure 4. Hippocampal regional differences based on mi-
crobiota status

(A) provides an anatomical view of the hippocampal subregions.
Female mice showed no significant differences in relative volume of
CA1 (B), CA2 (D), and CA3 (F) subregions. Smaller volume in the
dentate gyrus was observed in GF and GF/SPF female mice
compared to SPF female mice (H). Conventionalization of GF mice at
birth with altered Schaedler flora (ASF) normalized hippocampal
subregions volumes in male mice (C, E, G). Significant smaller vol-
umes were observed in GF and GF/SPF male mice compared to SPF
male mice in CA1 (C), CA2 (E), CA3 (G), and DG (l) subregions. No
differences in hypothalamus were observed (J, K). For GF F, n = 13;
GF M, n=10; SPF F,n=15; SPF M, n=15; GFSPF F, n = 11; GFSPF
M, n=12; ASF F, n = 6; ASF M, n = 6. * shows FDR values < 0.05
compared to sex-matched SPF mice; V shows FDR values < 0.05
compared to sex-matched GF mice.
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observed in GF mice demonstrates the importance of the role of
microbiota-brain signaling in brain development pre-puberty.
This is consistent with the observation that conventionalization
of GF mice at 5 weeks of age did not normalize hippocampal dif-
ferential expression or the related reduced anxiety and depres-
sive-like behavior in male and female BALB/c mice.>*** In
contrast, analysis of differential hippocampal proteins between
SPF and GF mice revealed that approximately 50% of protein
levels normalized in GF mice conventionalized at 5 weeks of
age.®® The mosaic picture that is emerging across studies is
that microbiota-brain interactions are influenced by age, sex,
and brain system. For example, conventionalization of GF mice
at birth was also reported to normalize deficits in fear-related
extinction learning; however, normalization of the molecular
changes was not observed in that study, suggesting that the
in utero period is an important developmental window during
which maternal microbiota may influence outcomes in the
offspring.”-*® Further, it is established that serotonergic systems
differ between GF and SPF mice®®>° and in response to acute
stress microbiota, modulate serotonergic responses in both
gastrointestinal and CNS systems in a sex-dependent manner.*°

Interestingly, GF mice showed increased prevalence of post-
translationally edited isoforms of the serotonergic 5HT2c recep-
tor in the amygdala, hypothalamus, prefrontal cortex, and
striatum, which was partially corrected when GF mice were con-
ventionalized at weaning (postnatal day 21).% Notably, antibiotic
depletion of microbiota in adult mice did not alter the 5HT2c iso-
forms reiterating the importance of microbiota regulation of brain
systems earlier in development.*® Overall, an extended body of
evidence is accumulating that demonstrates that microbiota
are important to brain development. Using high-resolution
ex vivo MR, this study revealed microbiota-related differences
that are sex and brain region dependent. As in previous studies,
cortical and hippocampal regions demonstrate increased sensi-
tivity to microbiota status during the first 5 weeks of postnatal
life. Conventionalization of GF mice at puberty was not able to
normalize the majority of brain volume changes, comparable to
findings in other behavioral and brain systems previously re-
ported. Focusing more attention on early-life microbiota-brain
axis mechanisms is an important next step in understanding
the regulatory role of the microbiome in brain development.

Limitations of the study

In this study, we report how microbiome status impacts brain
structure in mice. The following limitations are important to
note. First, the anatomical data were collected at a single
cross-sectional time point, and the data represent brain volume
changes in adult mice in the context of microbiota status during
development but does not provide insight into changes over
time. Second, brain volume changes do not reflect functional
changes related to microbiome status. Third, behavioral assess-
ments were not conducted directly in this study.

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Jane A. Foster (jane.
foster@utsouthwestern.edu).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon
request. The volumetric data are provided in the supplemental tables.
e This paper does not report original code.
e Any additional information can be requested from the lead contact.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides and recombinant proteins
Prohance Bracco Diagnostics Manufacturer #00270111104; CAS 120066-54-8
Experimental Models: Organisms/strains
Mouse: C57BI/6J-specific pathogen free Charles River C57BI/6JCrl
Mouse: C57BI/6J-germ-free Axenic-Gnotobiotic Facility,
McMaster University
Mouse: C57BI/6J-altered Shaedler flora Axenic-Gnotobiotic Facility,

McMaster University

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were completed in accordance with the guidelines set out by the Canadian Council on Animal Care and were
approved by the McMaster Animal Research Ethics Board. Specfic pathogen free (SPF) C57BI/6J breeders were purchased from
Charles River. Experimental mice were bred in-house. Altered Shaefer flora (ASF) mice and germ-free (GF) mice were provided by
the axenic-gnotobiotic unit at McMaster University. Female (SPF = 15, GF = 13, GF/SPF = 11, ASF = 6) and male (SPF = 15, GF =
10, GF/SPF = 12, ASF = 6) mice were used. All animals were exposed to a 12-h light/dark cycle and were given access to food
and water ad libitum. ASF colonized offspring were derived from GF females, who were introduced to an ASF environment prior
to conception. ASF colonized mice were housed in ultraclean conditions using ventilated racks. GF mice were conventionalized
at 5 weeks of age, to generate GF/SPF mice, by exposure to fresh SPF bedding material, and housed in the same room as SPF
mice. All mice used in this study were perfused at 9 weeks of age and brain tissue collected for ex vivo imaging. Animal use protocol
number: 14-12-55.

METHOD DETAILS

Brain collection

Mice were perfused transcardially at 9 weeks of age, beginning with a 30-min flush with phosphate buffered saline (PBS) and heparin
(1U/mL, Sandoz Canada Inc., Boucherville QC), followed by a 30-min fixation with 4% paraformaldehyde (PFA) (Alfa Aesar, Ward Hill
MA) and 2 mM Prohance (Gadolinum contrast agent required for the magnetic resonance imaging (MRI) imaging, Bracco Diagnos-
tics, NJ, USA) in PBS at arate of 1 mL/min. After perfusion skulls were removed and stored overnight at 4°C in 4% paraformaldehyde
containing 2 mM Prohance before being transferred to a 0.1M phosphate buffered solution containing 0.02% sodium azide and 2mM
Prohance for storage at 4°C until imaging.

Imaging and registration
A multi-channel 7.0 Tesla MRI scanner (Agilent Inc., Palo Alto, CA) was used to image the brains within their skulls. Sixteen custom-
built solenoid coils were used to image the brains in parallel."**?

Anatomical scan

In order to detect volumetric changes, a T2-weighted, 3-D fast spin-echo MRI sequence was used with the following parameters: a
cylindrical acquisition of k-space, a TR of 350 ms, and TEs of 12 ms per echo for 6 echoes, field-of-view equaled to 20 x 20 x 25 mm?
and matrix size equaled to 504 x 504 x 630. Our parameters output an image with 0.040 mm isotropic voxels. The total imaging time
was ~14 h*®

MRI registration

To visualize and compare any changes in the mouse brains the images are linearly (6 followed by 12 parameter) and non-linearly
registered together. Registrations were performed with a combination of mni_autoreg tools** and ANTS (advanced normalization
tools).*46
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QUANTIFICATION AND STATISTICAL ANALYSIS

After registration, all scans are resampled with the appropriate transform and averaged to create a population atlas representing the
average anatomy of the study sample. The registration creates deformation fields that are required to bring the images into alignment
with each other in an unbiased fashion. To calculate volumes, the deformations needed to take each individual mouse’s anatomy into
this final atlas space are analyzed.*”*® The Jacobian determinants of the deformation fields are then calculated as measures of vol-
ume at each voxel. Significant regional volume differences can then be calculated by warping a pre-existing classified MRl atlas onto
the population atlas, which allows for the volume of 182 different segmented structures encompassing cortical lobes, large white
matter structures (i.e., corpus callosum), ventricles, cerebellum, brain stem, and olfactory bulbs**~>? to be assessed in all brains.
Further, these measurements can be examined on a voxel-wise basis in order to localize the differences found within regions or
across the brain.

Volume differences

For the 182 different regions, comparisons were made between the groups using a linear model (Region ~ Genotype). p-values were
corrected for multiple comparisons using the False Discovery Rate (FDR).>® Absolute volumes were measured in mm3, and relative
volumes were measured as a percentage of total brain volume. Similarly, voxelwise differences were are compared using a linear
model (Voxel ~ Genotype), and again p-values were corrected using FDR.
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