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Abstract

The mammalian fetus develops in a largely sterile environment, and direct exposure to a complex
microbiota does not occur until birth. We took advantage of this to examine the effect of the
microbiota on brain development during the first few days of life. The expression of anti- and pro-
inflammatory cytokines, developmental cell death, and microglial colonization in the brain were
compared between newborn conventionally colonized mice and mice born in sterile, germ-free
(GF) conditions. Expression of the pro-inflammatory cytokines interleukin 18 and tumor necrosis
factor a was markedly suppressed in GF newborns. GF mice also had altered cell death, with
some regions exhibiting higher rates (paraventricular nucleus of the hypothalamus and the CA1
oriens layer of the hippocampus) and other regions exhibiting no change or lower rates (arcuate
nucleus of the hypothalamus) of cell death. Microglial labeling was elevated in GF mice, due to an
increase in both microglial cell size and number. The changes in cytokine expression, cell death
and microglial labeling were evident on the day of birth, but were absent on embryonic day 18.5,
approximately one-half day prior to expected delivery. Taken together, our results suggest that
direct exposure to the microbiota at birth influences key neurodevelopmental events and does so
within hours. These findings may help to explain some of the behavioral and neurochemical
alterations previously seen in adult GF mice.
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1. Introduction

Birth is an inflammatory event. The onset of labor depends on a state of ‘sterile
inflammation,” marked by a surge of maternal inflammatory cytokines (Golightly et al.,
2011; Kobayashi, 2012; Thomson et al., 1999) that may reach the fetus (Dahlgren et al.,
2006; Zaretsky et al., 2004) and stimulate brain cytokine expression (Dammann and Leviton,
1997). At parturition the fetus transitions from the relatively sterile environment of the
womb to one teeming with microorganisms. Neonatal blood leukocyte populations expand
rapidly following birth, likely due to both the stress of birth and sudden antigenic
stimulation from maternal and environmental microbes (Marchini et al., 2000; Steinborn et
al., 1999; Yektaei-Karin et al., 2007). Whether and how this microbial colonization affects
the perinatal brain remains to be determined. However, effects of the microbiota on adult
brain physiology and behavior have been reported in a variety of species including humans
(Bravo et al., 2011; Clarke et al., 2013; Messaoudi et al., 2011).

One approach to address the question of the effects of the microbiota on perinatal brain
development is to examine neonates born into germ-free (GF) conditions, because any role
of microbial exposure would be absent in these animals. Neuronal cell death is a major
neurodevelopmental event occurring around the time of birth in mice. Roughly 50% of the
neurons that are initially produced are eliminated by apoptosis (Oppenheim, 1991). This
large-scale pruning of neurons occurs primarily during the first week of life (Ahern et al.,
2013) and is crucial for sculpting neuronal circuits. Although the importance of neuronal
cell death is widely recognized, some surprisingly basic questions remain, such as what
initiates the cell death period, or what accounts for the large regional differences in the
magnitude of cell death. We recently found that cell death peaks just after birth in most
forebrain regions of C57BL/6 mice (Mosley et al., 2017), suggesting that birth triggers or
amplifies cell death.

Microglia are the resident immune cells of the brain and have been causally linked to
developmental neuronal cell death (Marin-Teva et al., 2011). Microglia respond to
perturbations by initiating an immune response involving the release of pro-inflammatory
cytokines such as interleukin (IL) -6, IL-1p and tumor necrosis factor a (TNF-a; Olson and
Miller, 2004), and are also activated by peripherally produced cytokines that reach the brain
(Chen et al., 2012; Dantzer et al., 2008; Dilger and Johnson, 2008; Godbout et al., 2005; Qin
et al., 2007). Microglial number increases during the first few weeks of postnatal life (Crain
et al., 2013; Dalmau et al., 2003; Sharaf et al., 2013), and perinatal microglia have a
relatively activated morphology and gene expression profile (Christensen et al., 2014; Crain
etal., 2013; Lai et al., 2013; Schwarz et al., 2012; Strahan et al., 2017). Microglia may
actively promote developmental cell death in the hippocampus and cerebellum (Marin-Teva
et al., 2004; Wakselman et al., 2008), but enhance neuronal survival in the cerebral cortex
(Arnoux et al., 2014; Ueno et al., 2013).

Adult GF mice have increased microglial numbers and altered microglial morphology (Erny
et al., 2015), but whether effects of the microbiota on microglia are present early in life is

unknown. Here, we investigated whether the normal exposure to microorganisms that occurs
at birth influences cytokine expression, cell death, or microglial colonization of the newborn
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brain. Compared to conventionally colonized (CC) mice, we found markedly reduced levels
of pro-inflammatory cytokine expression in the brains of GF mice on the day of birth and
three days later. This was associated with brain-region specific changes in developmental
neuronal cell death, and increased microglial density in GF mice. None of these changes
were seen in the brains of GF embryos 12 hours prior to expected birth. Together, our results
suggest that the microbiota plays an important, region-specific role in brain development,
and does so within hours of birth.

2. Methods

2.1. Animals

Swiss Webster mice (GF and CC) were obtained from our breeding program at Georgia
State University. GF mice were kept under sterile conditions in a Park Bioservices isolator,
as previously described (Chassaing et al., 2015), and CC mice were housed under
conventional conditions. Mice were maintained in a 12:12 light dark cycle with ad /ibitum
access to food and water. All procedures were approved by the Institutional Animal Care
and Use Committee at Georgia State University and followed the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

2.2. Brain collection

Breeding pairs were checked twice daily for births. Pups were collected on the day of birth,
postnatal day (P) O, or three days later (P3). Pups were weighed, sexed, rapidly decapitated,
and their brains were harvested and bisected with a coronal cut rostral to the cerebellum. The
forebrain was fixed in 5% acrolein for 24 h, transferred to 30% sucrose, and processed for
immunohistochemistry. The caudal portion of each brain, containing the hindbrain and
caudal midbrain, was frozen on dry ice and stored at —80°C for analyses of cytokine
expression.

In a follow-up study, we examined potential prenatal differences between GF and CC
groups. Timed-pregnancies were established in CC and GF Swiss Webster dams by
introducing males within an hour of lights off and removing them the next morning, 1-2 h
after lights on; this day was designated as embryonic day (E) 0. On E18.5 (one-half day
prior to expected delivery), pregnant dams were briefly exposed to 2% CO, (< 2 minutes)
and decapitated. An abdominal incision exposed the uterine horns, and fetuses were
extruded, rapidly decapitated, and their brains collected as above.

2.3. Immunohistochemistry (IHC)

Brains were frozen-sectioned into four, 40 um, coronal series. Sections were collected into
cryoprotectant solution and stored at —20°C until processed for the detection of cleaved
caspase 3 (AC3) or ionized calcium binding adaptor molecule 1 (Ibal) to identify dying cells
and microglia, respectively. For both AC3 and Ibal staining, epitope retrieval was performed
with 0.05 M sodium citrate and unreacted aldehyde blockade with 0.1 M glycine. Tissue was
then incubated in a blocking solution (20% normal goat serum and 1% hydrogen peroxide),
followed by an overnight incubation with the primary antibody: rabbit anti-AC3 (Cell
Signaling, Beverly, MA, USA; Antibody Registry ID: AB_2341188; 1:20 000) or rabbit
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anti-1bal (Wako, Chuo-Ku, Osaka, Japan; AB_839504; 1:10 000), and treated with goat
anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA, USA; AB_2313606;
1:500 for AC3 and 1:1 000 for Ibal), and the avidin-biotin method (Vector Laboratories;
1:500 for AC3 and 1:1 000 for Ibal) with 3,3’-diaminobenzidine tetrahydrochloride and
nickel sulfate as chromogens and hydrogen peroxide as substrate. Sections were mounted
onto gelatin-coated slides, dehydrated and coverslipped. AC3 stained tissue was
counterstained with thionin.

2.4. Brain regions examined

We first analyzed cell death and microglial labeling in large brain areas including the
septum, hippocampus and hypothalamus. Fine-grained analyses were later performed on the
paraventricular nucleus of the hypothalamus (PVN), the CA1 oriens layer of the
hippocampus, and the arcuate nucleus of the hypothalamus (ARC).

For the septum, we included sections from the point at which the medial border of the
anterior commissure was immediately ventral to the ventral tip of the lateral ventricle (Plate
57 in Paxinos et al., 2007) to the midline crossing of the anterior commissure (Plate 59). For
the hippocampus and CAL1 oriens layer, we analyzed sections from the rostral-most
appearance of the dentate gyrus (Plate 65) to the point where the hippocampus starts to tip
ventrally (Plate 70), as previously described (Mosley et al., 2017). For the hypothalamus,
sections ranged from the crossing of the anterior commissure (Plate 59) to the caudal-most
appearance of the ARC (Plate 76). All sections containing the PVN (Plates 63-68) and ARC
(Plates 69—76) were included in the analyses of these cell groups. Because the neonatal
mouse PVN is located slightly more ventral to the dorsal border of the third ventricle than in
the adult, we confirmed the location of the PVN in PO and P3 brains stained with
vasopressin using a rabbit anti-vasopressin primary antibody (Peninsula Laboratories LLC,
San Carlos, CA, USA; AB_518673; 1:32 000). For this, we followed the protocol described
for AC3 (section 2.3.), but without blocking unreacted aldehydes and with a 1:250 dilution
of the secondary antibody.

All regions were analyzed bilaterally and analyses were performed by an experimenter blind
to treatment group.

2.5. Quantification of AC3 and Ibal labeling

AC3 immunostaining was quantified using Stereolnvestigator software (MBF Biosciences,
Williston, VT, USA). For each region of interest, contours were drawn around the region in
each relevant section (2—7 sections in each animal, depending on brain region) and the
number of AC3 positive cells within the contours was recorded. The sum of AC3+ cell
counts across all sections was divided by total volume sampled to obtain the density of
AC3+ cells per mm3 for each animal. For the Ibal stained tissue, photomicrographs were
taken of the relevant brain regions, and contours were drawn around the regions of interest
using Image J software (National Institutes of Health, Bethesda, MD, USA). We then
quantified the area covered by immunostaining above threshold within the region of interest,
using pre-set algorithms in Image J, and data were expressed as # of Ibal+ pixels per
volume (mm3) sampled in each animal. In addition, total number of Ibal+ cells and lbal+
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cells falling into four different morphological categories were quantified manually from
photomicrographs of the PVVN. Microglia were categorized as being amoeboid, stout,
transitioning or fully ramified, as in previous studies (Schwarz et al., 2012; Strahan et al.,
2017). The number of animals per group were as follows — for PO and P3: AC3, 8-13 mice/
group (4-7 of each sex), Ibal, 5-13 mice/group (2—7 of each sex); for E18.5: AC3, 10-12
mice/group (4-6 of each sex), Ibal, 9-12 mice/group (46 of each sex).

2.6. Overall forebrain size

To estimate overall brain size, we outlined the left side of the forebrain in alternate sections
of the AC3-stained tissue, starting from the point where the medial border of the anterior
commissure is located ventral to the tip of the lateral ventricle (Plate 57; Paxinos et al.,
2007) and finishing at the rostral most appearance of the dorsomedial nucleus of the
hypothalamus (Plate 70). The forebrain was chosen because it includes all areas covered by
our histological analyses.

2.7. Reverse transcription PCR for brain cytokine levels

Tissue (mid- and hindbrain) was homogenized in trizol (Invitrogen, Carlsbad, CA, USA).
RNA was precipitated, and concentration and purity determined using standard methods.
Reverse transcription was performed with an AMV First-Stand Synthesis Kit (Invitrogen) in
a thermal cycler (Applied Biosystems Inc., Foster City, CA, USA) and real time PCR was
performed in the LightCycler 96 System (Roche, Mannheim, Germany) using FastStart
Essential DNA Green Master Kit (Roche) according to the manufacturer’s instructions.
Primers used were /L-10, IL-1B, TNF-a, IL-6, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH. all validated primers from Qiagen Inc., Valencia, CA, USA). Each
reaction was run in duplicate, and negative controls were run for each cytokine. Quantitative
cycle (Cq) values from duplicate samples were averaged, then cytokine expression relative
to expression of the control gene (GAPDH) was calculated for each animal using the
following formula: 2(- (Ca cytokine of interest - Cq GAPDH)) Fg|d change values were obtained
by dividing each experimental value by the average value for the CC PO group (control
group for all PCR analyses). Number of animals per group were 18-24 for PO and P3 (8-12
of each sex) and 7-12 per group (1-6 of each sex) for E18.5.

2.8. Statistics

We first performed three-way ANOVAS (microbiota status-by-age-by-sex) to compare PO
and P3 groups for all dependent measures with the exception of microglial morphology.
Because no significant effects of sex were identified for any measure, data from males and
females were combined, and two-way ANOVAs are reported below. For the analysis of
microglial morphology, we used a mixed design ANOVA with microbiota status and age as
between subject factors and microglial phenotype (amoeboid, stout, transitioning, ramified)
as a within-subjects factor. Post-hoc comparisons were performed using Bonferroni’s test.
Pearson’s correlation coefficients were computed to test for relationships between cell death
and microglial labeling. Two-tailed independent t-tests were used to compare cell death and
microglial labeling in CC and GF animals on E18.5.
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3.1. The microbiota increases the expression of inflammatory cytokines in the neonatal

brain

We examined the expression of anti- (/L-10) and pro-inflammatory (/L-18, /L-6, and TNF-
a) cytokines in the mid- and hind-brain on PO and P3. While there was no effect of
microbiota status on the expression of /L-10(F 1 7¢ = 0.18, p=0.67; Figure 1A), expression
of the pro-inflammatory cytokines was markedly suppressed in the neonatal GF brain: /L-18
was reduced by 87% (F 1, 76 = 11.38, p< 0.002; Figure 1B) and 7A/F-a by 90% compared to
CC mice (F1, 76 = 11.06, p< 0.002; Figure 1C). There was also an 83% reduction in mean
IL-6 expression in GF mice, but this did not reach significance (1 7¢ = 3.68, p=0.06;
Figure 1D). There was no effect of age, or microbiota status-by-age interaction, for any of
the cytokines analyzed.

3.2. The absence of a microbiota does not grossly interfere with developmental neuronal

cell death

We next examined whether the microbiota influences perinatal neuronal cell death, which
peaks in many forebrain regions around the time of birth (Mosley et al., 2017). The activated
form of caspase-3 (AC3) was used to identify dying cells (Hengartner, 2000; Porter and
Janicke, 1999; Srinivasan et al., 1998). We observed widespread AC3 labeling across the
brain at PO and P3 in both GF and CC groups, indicating that the absence of the microbiota
does not grossly interfere with perinatal neuronal cell death. Quantitative analyses of large
brain areas confirmed this observation: we found no main effect of microbiota status and no
microbiota status-by-age interaction on cell death density in the septum, hippocampus or
hypothalamus (Figure 2). There was a main effect of age on cell death density in the
hypothalamus and hippocampus (£ 1, 45 = 8.95, p< 0.005; F1 40 = 6.30, p=0.02,
respectively), with more cell death at P3 than at PO, but this was not significant in the
septum (Figure 2).

3.3. The microbiota alters cell death in the hypothalamus and hippocampus in a subregion-
specific manner

The hypothalamus and hippocampus are heterogeneous structures with subregions serving
different functions, containing different cell types, and exhibiting different patterns of
developmental cell death. We therefore performed more fine-grained analyses in subregions
of the hypothalamus and hippocampus where we had previously quantified changes in cell
death around the time of birth (Ahern et al., 2013; Mosley et al., 2017). In the PVN, a
critical site for the stress response and brain-immune interactions (Buller, 2003), we found a
significant main effect of microbiota status (1 41 = 17.37, p < 0.0002). GF mice had more
than twice as many dying cells as CC mice, with no effect of age (F1 41 = 0.58, p=0.45) or
microbiota status-by-age interaction (1 41 = 0.12, p=0.73; Figure 3).

The CA1 oriens layer of the hippocampus has an unusually high rate of cell death in
newborn C57BL/6 mice (Mosley et al., 2017), and this was confirmed here in newborn CC
Swiss Webster mice. We found even greater cell death in the absence of a microbiota: GF
pups had higher cell death density in the CA1 oriens than CC mice (F1, 39 = 23.79, p<
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0.0001), with no significant effect of age (~1, 39 = 0.08, p=0.78) and no microbiota status-
by-age interaction (£ 1 39 = 3.43, p=0.07; Figure 4A-C).

In the ARC, a brain region that receives metabolic information from the gut and plays an
important role in the control of food intake (Heijboer et al., 2006; Joly-Amado et al., 2014),
we found an effect of microbiota status (F1 41 = 9.00, p < 0.005), but unlike the PVN and
CAL oriens, AC3 cell density was reducedin GF mice (Figure 4D-F). We also identified a
significant effect of age (1, 41 = 11.81, p< 0.002) with more cell death at P3 than at PO,
with no microbiota status-by-age interaction.

We also analyzed the suprachiasmatic nucleus of the hypothalamus (SCN), and found no
effect on cell death in this region (not shown). Thus, subregions of the hypothalamus and
hippocampus showed striking effects of the microbiota on cell death density. The presence
and direction of the effect differed by region, which may explain why differences in cell
death are not identified in analyses of gross brain regions.

3.4. The absence of a microbiota increases microglial labeling in whole hypothalamus and
in hypothalamic and hippocampal subregions

In gross analyses of large brain regions, we found no effect of microbiota status on Ibal
labeling in the septum or hippocampus, but increased labeling in the hypothalamus of GF
mice (F 1,39 =10.99, p=0.002; Figure 5). We also found a microbiota status-by-age
interaction in the hypothalamus (£ 1 39 = 11.14, p< 0.002), with GF animals having
increased Ibal labeling on P3 (p= 0.0002; Figure 5), but not on PO. We found significant
main effects of age (P3>P0) on Ibal labeling in all three gross brain regions examined
(Figure 5), which is consistent with previous reports of an increase in microglial
colonization during the first postnatal week (Dalmau et al., 2003; Schwarz et al., 2012;
Sharaf et al., 2013).

We next examined region-specific effects on microglial labeling. GF mice had more Ibal
labeling than CC animals in the PVN (£ 3g = 26.98, p< 0.0001; Figure 6A-C), CAl oriens
(F1,32=17.98 p=0.0002; Figure 6D-F) and ARC (F 1 33 = 15.09, p= 0.0004; Figure 6G-
1), with no microbiota status-by-age interactions. The effect of age was only significant for
the ARC. We also observed higher Ibal labeling in the SCN of GF mice (not shown).

Thus, effects of the microbiota on cell death and microglial labeling did not always go in the
same direction: both Ibal and AC3 labeling were increased in GF mice in the PVN and CA1
oriens, but increased Ibal labeling was associated with decreased or unchanged cell death in
the ARC and SCN. This suggested that effects of GF status on cell death and microglial
labeling might be independent. To further examine this, we calculated Pearson’s correlation
coefficients between AC3 cell density and Ibal cell density within each group. None of the
correlation coefficients were significant for any of the brain regions examined.

3.5. The absence of a microbiota increases the number and size of microglia

The effects of the microbiota on microglial labeling (section 3.4.) may be the result of
altered microglial number, size, morphology, or a combination. To address this further, we
counted Ibal+ cells and categorized each cell as amoeboid, stout, transitioning, or fully
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ramified. Average microglial cell size was determined by dividing the total microglial
labeling in our thresholding analysis by total microglial cell number. The PVN was selected
for this analysis because it showed a strong effect of microbiota on Ibal labeling, and
because it plays a key role in the stress response and brain-immune interactions (reviewed in
Wrona, 2006).

We found an effect of microbiota status, with no microbiota status-by-age interaction, for
both microglial cell density and cell size. GF mice had a modest (5%), but significant,
increase in microglial cell density (F 1 38 = 4.29, p = 0.045; Figure 7A) and a more sizeable
(28%) increase in cell size (F 1, 35 = 15.21, p=0.0004; Figure 7B) compared to CC mice.
There was also an effect of age on these measures, with greater cell density and cell size on
P3 than on PO (density: 1 35 = 44.50, p < 0.0001; cell size: F 3g = 33.73, p< 0.0001;
Figure 7A-B).

Consistent with previous observations in neonatal mice (Schwarz et al., 2012; Strahan et al.,
2017), most microglia in both CC and GF mice were stout or transitioning, with very few
amoeboid or fully ramified cells (Figure 7C). We found a main effect of microbiota status (#
1,38 = 4.29, p=0.045), as well as a microbiota status-by-phenotype interaction (F1.75 66.66
=6.42, p=0.0004; Figure 7C) on microglial morphology. The interaction was due to a
modest (12%), but significant (o = 0.04), increase in the number of transitioning microglia in
GF mice, with no effect on other morphologies (Figure 7C).

3.6. The maternal microbiota does not alter fetal brain cytokine expression, cell death or
microglial colonization

Our findings that brain cytokine levels, cell death, and microglial labeling were affected by
microbiota status on the day of birth raised the question of whether these effects might be
due to the maternal microbiota, and already be present /n utero. To address this, we collected
fetal brains at E18.5 from timed pregnancies of CC and GF mice, and analyzed cytokine
expression as above (section 3.1.). Samples from the PO CC group were included in the PCR
run, so that the E18.5 CC and GF groups could be expressed relative to the PO CC control.
We found no differences among the three groups (E18.5 CC, E18.5 GF, PO CC) for /L-10,
L-1B,0or IL-6(F 3, 42=0.44, p=0.64; F5 43=0.86, p=0.43; F, 25 =2.65, p=0.09;
respectively; Figure 8A,B,D). Expression of 7A/F-a was higher in PO CC than for the /n
uterogroups (p=0.03 and p=0.009 vs. CC and GF, respectively), with no difference
between the two E18.5 groups (o > 0.99; Figure 8C).

There also were no significant differences between GF and CC fetuses in any of the regions
examined for cell death (PVN: £, = 1.64, p=0.12; CAl oriens: &g = 1.37, p=0.19; ARC:
by =0.52, p=0.61; Figure 9A,C,E) or microglial labeling (PVN: &, = 1.85, p=0.08; CA1l
oriens: g =1.46, p=0.16; ARC: fig = 0.51, p=0.61; Figure 9B,D,F). Thus, differences
between GF and CC offspring were not observed prior to birth.

3.7. The microbiota influences body weight and brain size at P3

The effects seen above in GF newborns could be influenced by altered overall development
or brain size. Previous research on the relationship between a GF environment and body
weight has variously been associated with decreased, increased, or no change in body weight
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in adult mice (Béckhed et al., 2004; Fleissner et al., 2010; Khosravi et al., 2015; Selwyn et
al., 2015). In perinatal animals, we found a microbiota status-by-age interaction on body
weight (F 2 123 =3.71, p=0.03): GF and CC animals did not differ on E18.5 (p=0.86) or PO
(p>0.99), but GF weighed more than CC pups at P3 (o= 0.002; Table 1). Given the body
weight difference, we next assessed whether overall forebrain size was affected by
microbiota status at P3. Indeed, volume of the forebrain of GF mice was 17% larger than in
CC mice at P3 (415) = 4.10, p=0.001; Table 1). Thus, because density measures are
reported above (AC3 cells or Ibal labeling per unit area), total AC3+ and total Ibal+ label
may be underestimated in P3 GF mice. If so, then the effects of GF status would be even
larger than those noted above for microglial labeling (all areas) and cell death in the PVN
and CAL; the opposite would be true for cell death density in the ARC (the one measure that
was lower in GF mice).

4. Discussion

We find that lack of a microbiota alters neonatal brain development. Previously, altered brain
physiology and behavior have been reported in adult GF mice. Compared to CC mice, GF
adults exhibit a behavioral phenotype including reduced anxiety (Diaz Heijtz et al., 2011;
Neufeld et al., 2011), a hyper-responsive stress response (Clarke et al., 2013; Sudo et al.,
2004), impaired social behavior (Desbonnet et al., 2014), and impaired memory
consolidation (Gareau et al., 2011). The production of neurotransmitters and neuropeptides
is also altered in GF adults (Clarke et al., 2013; Diaz Heijtz et al., 2011; Neufeld et al., 2011,
Peters et al., 2016). Some of these differences are normalized by exposing GF animals to
microbes prior to puberty, but other changes persist (Clarke et al., 2013; Desbonnet et al.,
2014; Peters et al., 2016; Sudo et al., 2004), suggesting that exposure to a microbiota early
in development has programming effects on brain function and behavior. Here we have
identified changes in brain development in newborn GF mice that may contribute to these
effects.

4.1. Postnatal brain cytokine expression

Recent reports suggest that the mammalian fetus may be exposed to a low number of
bacterial species from the placenta and amniotic fluid (Collado et al., 2016; Jimenez et al.,
2008), although this is still controversial (Hornef and Penders, 2017; Lauder et al., 2016).
Regardless, the situation changes dramatically at birth, as the neonate is rapidly colonized by
microbial flora from the mother’s vagina, feces, skin and the environment (Tamburini et al.,
2016; van Best et al., 2015). Parturition is associated with an acute phase inflammatory
response in the newborn (Kaiser et al., 2014; Marchini et al., 2000) but it was unknown
whether this response is triggered by microbial exposure at birth, and whether it extends to
the central nervous system. Because peripheral inflammation elicits coordinated responses in
the brain (Dantzer et al., 2008), we hypothesized that birth may normally be associated with
brain cytokine expression, even in the absence of pathology or infection, and that this would
be prevented or attenuated in GF animals. Our findings support this prediction.

The expression of pro-inflammatory cytokines, especially /L-18and TNF-a, was
profoundly attenuated in the brains of neonatal GF mice. Brain cytokine expression has not
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previously been examined in perinatal GF mice. However, our findings are consistent with
reports of measurable inflammatory cytokines in the normal newborn rodent brain (Garay et
al., 2013; Pendyala et al., 2017), and demonstrate that this expression depends on the
microbiota. IL-1 p and TNF-a have been associated with both increased neuronal cell death,
as well as with neuroprotection (Correale and Villa, 2004; Lambertsen et al., 2009; Sedel et
al., 2004), and these dual roles may explain why cell death was increased in some brain
regions but decreased in others of GF mice.

The source of the cytokine expression we measured is unknown; microglia are the main
immunocompetent cells in the central nervous system, but cytokines are also produced by
astrocytes and, in some cases (e.g., TNF-a.), neurons of neonatal rodents (Faustino et al.,
2011; Loram et al., 2012; Semple et al., 2010). One limitation of our study is that cytokine
measures were restricted to the mid- and hind-brain. Differences in cytokine expression
between brain regions have been described (Garay et al., 2013), so we cannot assume that all
brain regions of CC and GF mice show differential cytokine expression at birth.

4.2. The microbiota and patterns of cell death

Neonatal GF mice had higher levels of cell death than CC mice in the PVN and CAL oriens,
lower levels in the ARC, and no change in the SCN. The regional specificity of the effects of
the microbiota on cell death, and the fact that no differences were seen prenatally in any of
the subregions analyzed, allow us to rule out certain trivial explanations. It is not the case,
for example, that GF mice express a generalized neuropathology that induces higher cell
death.

Although the cell type undergoing death cannot be determined from AC3 labeling alone, the
large majority of AC3+ cells in the neonatal brain are neurons (Zuloaga et al., 2011), which
is consistent with the size and neuron-like morphology of the majority of the AC3+ cells we
observed in both CC and GF mice here. We do not know whether the changes in cell death
we observed neonatally would lead to lasting differences in cell number or, alternatively, are
compensated for later in development. Long-term effects of altered cell death in the PVN,
CAL oriens and ARC could contribute to functional changes previously described in GF
adults. For example, the PVN controls the stress response and brain-immune interactions,
both of which are altered in adult GF mice (Clarke et al., 2013; Erny et al., 2015; Sudo et al.,
2004). Functions carried out by the CA1 oriens and ARC — memory consolidation and food
intake, respectively — also are impaired in GF adults (Béackhed et al., 2004; Bravo et al.,
2011; Gareau et al., 2011). GF mice show altered oxytocin labeling in the PVN (Peters et al.,
2016), which could be due to changes in the number of neurons expressing these peptides. In
future studies, it will be important to determine whether the microbiota affects the survival
of specific subsets of phenotypically-identified neurons.

The mechanisms responsible for altered cell death in GF mice remain to be determined.
Classic explanations for what controls the magnitude of developmental neuronal cell death
have focused on interactions with target cells, innervating afferents, neighboring glia, or
neural activity (Marin-Teva et al., 2011; Oppenheim, 1985, 1991). Our findings demonstrate
that “non-self” cells — i.e., the microbiota — influence developmental cell death, and do so in
a brain region-specific manner. The microbiota communicates with the brain via both
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metabolic (e.g., production of short chain fatty acids) and neural pathways (Bercik et al.,
2011; Bravo et al., 2011; Desbonnet et al., 2014) to influence brain physiology, including
apoptosis. In adult rats, for example, probiotic administration after myocardial infarction
abolishes caspase 3 activation in the amygdala, and this effect is prevented by vagotomy
(Malick et al., 2015; Wann et al., 2006). Infection of the gastrointestinal tract with
pathological bacteria activates the PVN, and this also requires signaling by the vagus nerve
(Wang et al., 2002). Vagal stimulation alters cytokine levels in the brain as well as microglial
numbers (Meneses et al., 2016), which may in turn influence cell survival. Although
technically challenging, it would be interesting to determine whether neonatal vagotomy
prevents the changes in cell death observed here in GF mice.

4.3. The microbiota and patterns of microglial colonization

One possible mechanism for how the microbiota might alter developmental cell death
considered here was via effects on microglia. We found higher levels of microglial labeling
in the hypothalamus as a whole, and in all of the subregions analyzed in the hypothalamus
and hippocampus in GF neonates. As revealed in our detailed analysis of the PVN, this
appears to be due to both increased microglial number and cell size. Although greater
microglial labeling in GF mice might seem counterintuitive, our findings are consistent with
a report of more microglia, and more branched microglia with longer processes, in several
brain regions of adult GF mice (Erny et al., 2015). Altered gene expression was also
observed in microglia isolated from GF adults, which reflected an immature gene expression
profile; despite increased microglial labeling and size, GF mice appear to have a reduced
innate immune response (Erny et al., 2015). Similarly, in the neonatal rat, higher microglial
cell numbers were associated with lower brain cytokine levels following acute neonatal
ischemia (Faustino et al., 2011), and changes in cytokine expression can be independent of
changes in microglial morphology in mice (Norden et al., 2016).

We did not find sex differences in Ibal labeling in any of the brain regions examined. This is
in agreement with our previous study in C57BL/6 mice (Strahan et al., 2017), but contrasts
with work in rats, in which neonatal males are reported to have more microglia than females
in hippocampal subregions, including the CA1 (Schwarz et al., 2012). The discrepancies
may be related to species differences or differences in the developmental time points
analyzed.

4.4. Are changes in cell death and microglia labeling causally related?

Microglia have long been associated with neuronal cell death (Marin-Teva et al., 2011), and
dying neurons are often found in close contact with microglia, which phagocytose cell
corpses (Ashwell, 1990; Ferrer et al., 1990). Recently, a more active role for microglia in
controlling cell death has been suggested. Several studies report that microglia participate in
the killing of neurons (Marin-Teva et al., 2011), whereas others argue for neuroprotective
effects of microglia during the perinatal cell death period (Arnoux et al., 2014; Ueno et al.,
2013). Whether changes in cell death were caused by the changes in microglia in our study
or, conversely, the microglial changes were caused by altered cell death cannot be
definitively determined. In the PVN and CA1 oriens, we saw higher levels of cell death
together with higher Ibal labeling. However, lower cell death in the ARC and no change in
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cell death in the SCN was also associated with greater microglial labeling. A dissociation of
cell death and microglial labeling was also supported by our correlational analysis, which
found no significant relationship between AC3 cell density and microglial labeling in any of
the brain regions analyzed. This suggests that the microbiota may independently affect cell
death and microglial labeling.

4.5. Effects of the maternal microbiota

Conclusions

Differences between GF and CC mice were already present on the day of birth, which
suggested that the microbiota may exert effects on brain development /7 utero. Although
direct exposure to microbes in CC and GF should be similar before birth, the maternal
microbiota can influence the development of the fetal immune system via microbial
byproducts that cross the placenta (Gomez de Aguero et al., 2016). However, we did not find
any differences in cytokine expression, cell death, or microglial labeling between CC and
GF mice on E18.5. It remains possible that the maternal microbiota exerts effects in regions
not included in our analyses, or interacts with the stress of parturition to influence
neurodevelopment in the offspring. The most parsimonious explanation, however, is that the
effects we observed require the differential exposure to microbes encountered postnatally in
GF and CC pups. If so, this exposure influences brain development within hours. Although
we do not know the precise hour of birth for our PO groups, we estimate that they were
between 10 and 14 h old at sacrifice, based on time of brain collection and previous studies
of the timing of parturition in mice (Roizen et al., 2007). The PVN is activated 6 hours after
oral inoculation of adult GF mice with bacteria (Sudo et al., 2004), demonstrating that gut
microbiota can affect the brain within the time-frame examined here.

Relatively high levels of /L-1Band /L-6were seen in the brains of both CC and GF fetuses
on E18.5. This may be related to the inflammatory events that precede labor and include an
increase in maternal uterine immune cells, as well as increased proinflammatory cytokines
in the uterus, amniotic fluid and fetal membranes (Lindstrom and Bennett, 2005; Orsi et al.,
2006). This so-called ‘sterile inflammation’ is not dependent on the presence of pathogens
and therefore is expected to be similar in GF and CC dams. Maternal cytokines may cross
the placenta (Dahlgren et al., 2006; Zaretsky et al., 2004) and the blood brain barrier
(reviewed in Banks et al., 2002), inducing the expression of pro-inflammatory cytokines in
the fetal brain (reviewed in Dammann and Leviton, 1997). In mice, the inflammatory events
preceding labor occur during the last day or two of gestation (Condon et al., 2004;
Montalbano et al., 2013; Payne et al., 2012) and therefore would have been present at E18.5.
After birth, only CC newborns are exposed to immune stimulation by microbes, which may
explain why high cytokine levels were maintained in CC mice and dropped to low levels in
GF newborns.

Taken together, our study highlights the importance of microbial exposure for neonatal brain
development. Recently, differential exposure to microbiota at birth has been associated with
the development of psychological disorders, such as autism (Curran et al., 2015). Millions of
years of evolution have shaped the symbiotic relationship between mammalian species and
their microbiota, so it is not surprising that our microbial symbionts influence key

Brain Behav Immun. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Castillo-Ruiz et al.

Page 13

developmental processes. Moreover, because mode of birth (vaginal versus cesarean),
neonatal hygiene practices, and maternal diet are all reported to alter the neonatal microbiota
(Dominguez-Bello et al., 2010; Dominguez-Bello et al., 2016; Romano-Keeler and
Weitkamp, 2015), our findings suggest that such practices have the potential to influence
early brain development.
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- Pro-inflammatory cytokine expression was decreased in germ-free mice.

- Microbiota influenced cell death and microglial labeling a region specific
manner.

- These effects were seen on the day of birth but not a day before.

- Our results highlight the importance of the microbiota on early brain
development.
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Figure 1.

The microbiota upregulates the expression of pro-inflammatory cytokines in the neonatal
mouse brain. (A) Expression levels of anti-inflammatory /L-10did not differ between
conventionally colonized (CC; filled circles) and germ-free (GF; open circles) neonates. (B—
D) In contrast, pro-inflammatory cytokines: /L-1, TNF-a, and /L-6were reduced in GF
mice on postnatal day (P) 0 and P3. Data are expressed relative to levels of CC mice on PO.
Error bars are smaller than symbols for the GF group in B and C. Asterisks represent main
effect of microbiota status. **p < 0.01. /=18 — 22 mice per group.
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Figure 2.

The absence of a microbiota does not grossly interfere with developmental neuronal cell
death in the septum (left), hypothalamus (middle) or hippocampus (right) in neonatal
conventionally colonized (CC; filled circles) and germ-free (GF; open circles) mice on
postnatal day (P) 0 or P3. /=8 — 13 mice per group.
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Figure 3.
The absence of a microbiota increases cell death in the neonatal mouse paraventricular

nucleus of the hypothalamus (PVN). (A, B) Photomicrographs of AC3-labeled tissue
(counterstained with thionin) in representative conventionally colonized (CC) and germ-free
(GF) mice on the day of birth. Dotted lines indicate the outlines of the PVN and arrowheads
indicate AC3 labeled cells. 3V, third ventricle. Scale bars = 100 um. (C) Vasopressin
immunoreactivity was used to confirm the location of the PVN in the neonatal mouse brain.
Scale bar = 100 um. (D) Cell death density in CC (filled circles) and GF (open circles) mice
at postnatal day (P) 0 and P3. Asterisks represent main effect of microbiota status. *** p <
0.001. /=10 — 12 mice per group.
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Figure 4.
The absence of a microbiota alters developmental cell death in subregions of the

hippocampus and hypothalamus. (A, B, D, and E) Photomicrographs of AC3-labeled tissue
(counterstained with thionin) in sections containing the CA1 oriens layer of the
hippocampus and arcuate nucleus of the hypothalamus (ARC) of conventionally colonized
(CC) and germ-free (GF) mice on postnatal day (P) 0. Dotted lines outline the regions of
interest; insets are a higher magnification view of the region shown above. 3V, third
ventricle; LV, lateral ventricle. Scale bars = 100 um (A,B,D,E) and 50 um (insets A, B). (C,
F) Cell death density in the CA1 oriens and ARC in CC (filled circles) and GF (open circles)
mice at PO and P3. Asterisks represent main effect of microbiota status. ** p< 0.01; **** p
< 0.0001. V=10 - 12 mice per group.
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Figure 5.

The absence of a microbiota causes higher microglial labeling in the hypothalamus (center)
but not in the septum (left) or hippocampus (right) of neonatal conventionally colonized
(CC; filled circles) and germ-free (GF; open circles) mice. Asterisks represent a significant
difference between GF and CC at postnatal day (P) 3. *** p<0.001. V=11 - 13 mice per
group, except V= 6 mice for GF-P3.
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The absence of a microbiota causes increased microglial labeling in subregions of the
hypothalamus and hippocampus in the neonatal mouse brain. (A, B, D, E, G, H)
Photomicrographs of Ibal labeled sections containing the PVN (A, B), CAl oriens (D, E)
and ARC (G, H) in conventionally colonized (CC) and germ-free (GF) mice at postnatal day
(P) 0. Dotted lines outline the regions of interest. 3V, third ventricle; LV, lateral ventricle.
Scale bars = 100 um. (C, F, 1) Microglial labeling density in the PVN, CAL oriens, and ARC
in CC (filled circles) and GF (open circles) mice at PO and P3. Error bars are smaller than
symbols for the GF group in C and I. Asterisks represent main effect of microbiota status. **
p<0.01; **** p<0.0001. V=913 mice per group, except /=5 mice for GF-P3.
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Figure 7.

The absence of a microbiota alters the number, size and morphology of microglia in the
neonatal mouse paraventricular nucleus of the hypothalamus (PVN). (A) Total microglia
density in conventionally colonized (CC; filled circles) and germ-free (GF; open circles) at
postnatal day (P) 0 and P3. (B) Average size of microglia in the PVN (in pixels). Asterisks
represent main effect of microbiota status (A,B). (C) Top: Photomicrographs of amoeboid,
stout, transitioning, and ramified microglia. Scale bar = 20 um. Bottom: Density of
microglial phenotypes in CC (black bars) and GF (grey bars) at PO and P3 (ages combined
for this analysis). Asterisk represent effect of microbiota status on transitioning microglia. *
p<0.05and *** p=0.0004. V=11 - 13 mice per group except V=6 mice GF-P3 (A,B);
N= 18 — 24 mice per group (C).
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The absence of a microbiota does not affect cytokine expression in the prenatal mouse brain.
Expression levels of anti-inflammatory /L-10(A) and pro-inflammatory cytokines, /L-1p,
TNF-a, and /L-6 (B-D), did not differ between conventionally colonized (CC; filled circles)
and germ-free (GF; open circles) embryos. Data are expressed relative to levels of CC mice
on P0. The mean of the control group is represented by a dotted line and its SEM by grey
shading. n.s., non-significant. /=12 —21 mice per group for (A); V=12 — 22 mice per
group for (B); V=820 mice per group for (C); N=7 — 14 mice per group for (D).
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The absence of a microbiota does not affect cell death or microglial labeling in the prenatal
hippocampus and hypothalamus. (A, C, E) AC3 and (B, D, F) Ibal labeling in the PVN (A,
B), CAl oriens (C, D), and ARC (E, F) in conventionally colonized (CC) and germ-free
(GF) mice on embryonic day (E) 18.5. /=10 - 12 mice per group (A, C, E); N=9-12
mice per group (B, D, F). - Effects of the absence of a microbiota were examined in the

neonatal mouse brain.
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Body weight and brain size in perinatal conventionally colonized (CC) and germ-free (GF) mice.

Table 1

Age Microbiota Status
CcC GFE

Body weight (g)

E18.5 1.35+£0.02 1.43+£0.03

PO 1.56 +£0.03 1.59 +0.07

P3 2.28 £0.06 258+ 0.07 HAA
Forebrain volume (mm®)

P3 12.67 £ 0.36 14.89 + 0.40 *x

Mean + SEM. NV =17 — 27 mice per group for body weight; /=7 — 10 mice per group for forebrain volume.

*:

*:

A
p=0.001,

A A
= 0.0002.
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